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14. Abstract

The Conference Proceedings contain 32 papers presented at the I'ropLioN01 and [ncergetic"
64th Symposium on Gears and Power 1Iransmission Ss sems, lot IIctotsanlrbpps
w.hich was held 9- 12 October I Q84 iii I isb~ot. P'ortug~al.

The Technical Evaluation Report is included at the bcoinnitg of ithe P roceedi ngs. Quest iolirs
ktnd answers of the discussions follow each paper-Ilie SNvmposiuttm "ss s.rrangcd in sesecn
sessions: Review of C urrent Transmission Technology (4): 1 eliCOPter anld Ilurhoprop
Ilransmission Technology Needs aitd lDc-ign (4): Conmponent De)sign Ilechnology and
Manufacturing Considerations (8)," Iribitlogical Aspects of' lransinissio 0t ( iponents t(0).
D~iagnostics, Measurements, and Noise (5); Problems and Failurcs itt ( icanna Application (3):
and Qualification Standards and Specifications (2).

'I fe purpose of the Symposium was ito exchange and dissenate int, imatton kin research anid
development cotnducted on gears and transmission systcnus in outlet tlo irttrodu titss~
technologies for improvements in wcight, perfh.. ance. and lile-(VelV Costs Jhu aehuesemcrts
were listed in the Technical Evaluation Report. The Symposium ctuld not cokser the whole ;trea;
the gap% left will be discussed in an AG;ARI~ographl to be published ri I97'
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Because of rapidly growing technology demands for potential new and ad vaiiced helicopter and turboprop
transmissions, a need for broad discussions of power transfer systems has become apparent. New research results have
dictated that more attention he given to possibilities for improvement in weight, perfoirmanice, and life-cycle costs. In 198 1.
and again in 1982, the Panel addressed only small portions of the wide range of topics necessary to cover these critical areais.
With that concern in mind, and in keeping with interests of the host nation (Portugat), the Panel has selected this subject for
its 1984 Fall Symposium. Included were sessions on current aircraft transmissions, technology voids and needs. diesign and
manufaclu, ing considerations. performance predictions teibological aspects, noise and s bration, and specification
standards. Interest in these subjects includes topics of concern to all manufacturers itircraft as well as specialists in the
fields of research on mechanical components for transmissions.

La demandle croissante eni matiicre de technologic permettant de realiser des transmiwsons potentielle%. ntouseltes siu dc
conception avancie. pour hilicopt~res et turbopropulseurs. a mis en evidence la nccesis de proceder is des entretiens te
nature g~nirale sur les systismes de transmission dd6nergie. Les resultais de recherches recemment effectuiiestoat msiritr
qu'un surcroit d'efforts devait tre consacre aux possihilites d'aicleioraiin de psids. tic performances, et de coisis sde ctce
dievie. En 1981, et i nouveau en 1982, Ie Panel na traitdqu'une petite partiesdes points esitremement tiombreux squi curresnt
dans Ie cadre die ces domaines critiques. Cest en songeant h cc probterne el aussi poutr repondre ii I'inler~t esprime pity le
pays bte, le Portugal, que Ie Panel a choisi cc sujet comme theme d~c %on Symposisim d~c l'automme 1984. Les dliserss
seances ont etc consacrees aux transmissions actuellement utilisces sur les ar~onels. as lUciincet c aus hesoins sdc la
technologie. i des consididrations sur Ia conception et Ia fabrication, ass predictionsdsc perfoirmances aus aspects
tribiologiqlues, au bruit et sos vibrations, et aus normes en matiire sic cahier des charges I 'inierit Pour ces differens sujets
est partag6 par tows les constructeurs d'avions ainsi que par les% specialmse,; di: ]a resicsrche sur Irs composants mscaniqnes
des systianes die transmission.
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TECHNICAL EVALLUAT]ION RE POR

by

Dr Beno Steenlictit PREVIOUS PA Ge

Mechanical Teehuiolog% Incorporated BLN
Latham, New )or k 12110I. US,,

INTRODUCIPION

The Propulsion and E nergetic' Panel 04th Symposium on (icars and Power TeaTistitissiot Sestexis for I11<1ol'
Turboprop, was convened at the Gulbenkian Foundation in Lishon. Portugalon October 8- 1 2. 1 'iS4. The pttrpst ft

meeting was to exchange and dissceninate information onER & 1) heiitg conduced otile thrive subject it the NA It
countries and to identify future technology nteeds based tin newt requircments.

the participants were engineers and management engaged in K & 1). manutfactutrintg. testing. certtftcatiioi. aiti
education. The fioe day sympoiisum was dtvided into seven scss ion, itt which 33 inoitd pcapers were presented I te It pir
was followed by lively discussion 1 he seven sessions are listed belios:

I Review of Current -1 eansmission Technitl.ogy
11 IHeliecopter & Turboprop transmisson Technology Needs and I esign

Ill (iimpnent l)esign technology ad Manrtin cu ring ( ontisidri ort
IN I ribi iFogy Aspects ofi I ratinussron (omnptients
V iagnosics. Measurements, and Noise

VI Problems and Facilures in C ectritie A pplications
VII Quialt hcattiin Standards and Specificcit tis

C(ONIlENTS OF iT:E MIFT TIN(,

Ir is clear that helicoptecrs arid tntboprops 're gctitg w Id c ptWCjtnH C burt lii 'i1 t 1.... te "I thres cite tcoitn'i 'Ct

so Thcat today transmissions represent the weakest link in h s cil

Iwio papers (Refs 34 and 35'* in Stssitti VII dealing 'stit cc rtificcititi cleals% I1 licitd rite rapti ln incisnit
htelicorpter qiutlifiecition, IOne hundredf millioni diillcars was cited M Nr IIk% re ii,l I ,A. \ is tile ttiercitcot 1--ti k?,
oftienitcopter, Ifitsclearly idwiaed that o stetnfican."well Inlttifeif Rut 1"itotii I 1&) etffort is requLired to i11t le
future reeds of miltiity ad iiiiitliipcscr ubpo irriirtriii iieieisitctl ohsclerp i
Session VII presented very early itt the pro grnm sit s it put thle ltimited R & 1) aOT c ITT FT ni pe pe ispeetis vI il l

have been saluabl'- to pieset ir sttmirarie ia recetit report of tile I letcopter Air 1i 5,tfitters Review liciel IF FN RP) v II
dealt w ith this very important subject caid irade eleven specific i ccoitidaito

TABLE I -

KEXI FACTlORS

I (Cost -- Aetuisitti.i lFnst fist)

- Sannririce
-Ener~gN i fliII~ titt f eflticcti

Life
3 Reliability

4 Availability
S Time Between (iverlettl I11101)

6 Mean Time lieiwccii Itepcir tI li0t
7 Noise
,s Vuilnerabilty, I aitc

Weight

T he 1. Invited papers ettei cti w tic rcinge of stubjcts rel,,. I,,( ii Ito .......... misslii fur hitipiri, tint JiiI,

kIrnr~o.i I it i th, tti s



3EARINGS

In today's Army helicopters many types of bearing are used. Bearirgs are heavily
loaded, the design of these mechanical elements is highly refined, and the design limits
are known with reasonable accuracy. Deep groove bearing are used in accessory drives.
Spherical double row bearings are used in planetary gear supports for their ability to
withstand misalignments imposed by offset loads on the planet carrier posts. Bevel
gears, being sensitive to misalignment problems induced by loads and thermal distor-
tions, are rigidly mounted in bearings. Several arrangements are found. Triplex
mounted angular contact bearings and a straight cylindrical roller bearing in a strad-
dle mount have been used. Recent step improvements have been made, transitioning to
more advaned bearings for gear shaft support. One example is the Boeing-Vertol CH-47A
(1960), CH-47C (late 1960's) and CH-47D (mid 1970's). In this application materials
evolved from 52100 to CEVM M50 and from standard ball and roller designs to out-of-round
(for skidding control) roller bearings with integral spaces (ref. 14). Also there has
been a transition to integral bearing raceway/shaft designs in many designs in order to
reduce parts count and reduce fretting wear. The Sikorsky UH-60 Blackhawk incorporates
tapered roller bearings for gear shaft support for the input main bevels, combining
bevel and tail rotor drive take-off.

Ball bearings are used in high speed turbine engine shaft supports and with this
severe applicat on as a driving force have achieved very high speed capability: speeds
as high as 3x10 DN have been demonstrated. The parameter DN is defined as the prod-
uct of diameter in millimeters and speed in revolutions per minute. Roller bearings
are more limited in speed because of higher heat generation. This is partially due to
intentional out-of-roundness or "pinch" that is sometimes put on the raceways to control
skidding at high speeds and light loads. Tapered roller bearings have good load capac-
ity for combined axial and radial loads such as when reacting spiral bevel gear loads.
However tapered roller bearings are used on the slower speed shafts because of heat
generation at the rolter ends. Conventional (inner cone ribs) tapered roller bearings
are limited to 0.5x10 DN which is compatible with a cone rib velocity of 36 m/s
(7000 ft/min). However, wor done in the 1970's (refs. 15 to 18) has improved the high
speed performance up to 3x10 ON for pure thrust loads and 2.4x10

6 
DN for combined

thrust and radial loads. Of course, this technology has not yet been input to current
helicoptev transmissions.

SEALS, CLUTCHES, COUPLINGS

Typically, seals on the input and output shafts are spring loaded lip, elastomeric
types. For high speed and more critical requirements spring-loaded carbon type seals
may be used.

Clutches most widely used in helicopter free-wheel units are the sprag type
(fig. 16) and the roller/ramp type. The OH-58 and the Hueys use the former and the
UH-60 the latter. Roller type clutches are somewhat heavier than sprag-types but they
do not have a possibility of "rollover" failure. Rollover is where, the torque level
beinq too high, the sprag rolls over and positive engagement is is lost.

A study of the technology of clutches has been made (ref. 19). The overrunning
clutch~s should be on the highest speed shafts, giving lightest weight. A snring type
clutch is an attractive candidate for speeds up to 27,000 rpm. Sprags that will not
roll over have been developed (fig. 17). The positive continuous engagement type sprag,
when overloaded abuts its neighbor sprags, limiting the amount of roll-over. Applica-
tions up to 20,000 rpm or 50 m/s (10,000 ft/min) are suitable for sprag clutches.
Roller/ramp clutches are limited to 12,000 rpm. The highest Hertz contact stress occurs
at the nonconforming inner race contact. Industry practice is to not exceed 3.5 GPa
(500,000 psi) contact stress (refs. 1 and 2).

Couplings are used in helicopter drive lines to accommodate shaft misalignments
which are caused by airframe flexibilities. Past experience has shown that, for reli-
able operation, much attention should be given to the coupling design. One important
parameter is the torsional stiffness. This affects drive line dynamics. Space and
weight considerations are also important and affect the selection of coupling type.
There are two main types of coupling in use. The gear coupling is most prevalent (fig.
18). The UH-I and 0H-l8 use this type. It is able to carry the torque loads with 3
degrees of continuous misalignment and transient conditions up to 6 degrees of mis-
alignment. Speeds up to 20,000 rpm are possible. Grease with an extreme pressure ad-
ditive is used as lubricant for lower speeds, and forced oil flow for better cooling at
high speeds. Rotor/transmission/pylon systems with soft mounts require the large mis-
alignment capability of gear type couplings. The gear coupling is normally limited by
its thermal capacity. The usual failure mode is overheating followed by plastic shear-
ing of the gear teeth and/or local welding of the gear teeth.

Another popular coupling is the flexible element type. There are several similar
types in this category: the flexible ring type or Thomas Coupling (fig. 19); the llex-
ible diaphragm type or Bendix Coupling (fin. 20); and the axially loadable straight
element type (Kaman K-Flex Coupling), (fig. 21). The first two need to be used in cun-
junction with a spline for axial motions. These types of coupling are usually found on
the larger helicopters where they have a weight advantage over geared couplings. They
are simple, licht, and don't require lubrication. However the Thomas and Bendix types
may carry only up to I degree misalignment. The Kaman type may carry up to 0.5 degree
per plate element. With these t.os, the failure problems are flexural fatigue and
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LIFF IND RELIABII I'IS

Achievement of long-lived, reliable power transfer systems can I- cifl icult to
achieve and today's helicopters are one of the most severe applicat iens of this toot. -
noloqy. Helicopters (sometimes re:erred to as flying fatiqu, machines) pre sent the
ultimate test of materials and designs for reliability. The many failure mechanisms
for bearing and gears must be weighed against anticipated loads which are not Know with
certainty. In addition to known classical modes of failure, such as pitting, scoring,
and bending fatigue, there are unanticipated events that can ground helicopters. Things
like sudden leaks producing low oil levels, undetected contamination of lubricant, and
poor maintenance practices can severly lower the reliability of the mechanical compo-
nents of the transmission. There is no way to anticipate the exact effect and typical
experience has been that there has to be a suffering through the lebugging phase of new
designs. Generally, today's flying helicopters have been achievi , 500 to 1200 hr time-
between-overhaul (TBO) for main transmissions with tail rotor geerbox TBO's up to 1600
hrs. Design calculations often indicate much greater reliability. This is because all
the various reasons for failure are not accounted for in those calculations, and there
has been no sensible way to calculate the effects of unknown or unanticipated causes.
Indeed, it has been found that in overhaul and unscheduled removal operations only about
ten percent of failed bearings exhibit classical failure modes. Gears are even less
likely to fail, nivinq rise to the speculation that current gear design practice is
more conservative than bearing design practice.

Current practice is to calculate bearing and gear life using AGMA (American Gear
Manufacturer's Association) and AFBMA (Antifriction Bearing Manufacturer's Association)
standards for pitting fatigue life. Many aircraft companies have established their own
data base for bearing and gear reliability from which designs are extrapolated. Expe-
rience has shown that subsurface initiated fatigue life is distributed according to the
Weibull probability distribution. This holds for gears as well as bearings. As for
sensitivity factors, the Weibull slope is one to two for bearings and two to three for
gears, where the slope is measured on special coordinates defined by the Weibull dis-
tribution. The ordinate is the log-log of the reciprocal of probability of survival
graduated as the statistical percent of specimens failed. The abscissa is the log of
tim', to failure or system life. Load also affects life. For gears, life is inversely
proportional to the 4.3 power of load and the cube of load for bearings. There are
other factors such as material, lubrication, processing and speed which can have an
effect and data is in hand (ref. 10) to provide reasonable guidance in estimating sur-
face fatigue life.

There has always been some confusion about the proper relation between individual
qgar or bearing life and total system life. Moreover, the exact relation that exists
between the average system failure rate, TBO, and MTBF has not always been understood.
However these figures of merit can and should be rigorously related through proper ap-
plication of mathematical statistics with an adequate match of circumstances to the
tasic assumptions of the theory. For example, laboratory measured life distributions
for components may determine an average life. But under service conditions in a fleet
thiP circumstance (laboratory condition) does not apply. This is because in a fleet
operation, components are repaired or replaced periodically and after a time the fleet
is comprised of a mixture of ages for the components. This circumstance fits the clas-
sical "renewal theory" assumptions, and the distribution in the limit approaches the
,xponential distribution instead of the Weibull distribution (ref. 11). It is for the
,'xponential distribution that MTBF is defined. It is precisely this transition of con-
ditions from laboratory to field, with the attendant probleis of overhaul and repair
ro eid keeping that makes it difficult to correlate the theoretical or design predic-
tions fur life with field experience.

Recent publications have documented a life prediction methodology for gears and
:'arinos as applied to an entire transmission (refs. 12 and 13). In reference 12 a
curret turboprop gearbox (fig. 13) was analyzed using the life prediction methodology
d,,vehloed at the NASA Lewis Reseatch Center. The turboprop grirbox is strikingly simi-
I r to a helicopter gearbox if the turboprop input spur gear stage were changed to spi-
,i! evel ioar pair. The NASA analysis of the turboprop gearbox is summarized on a
Wliull plot (fig. 14). Each gear and bearinq life distribution is shown relative to
th ten percent life of the entire transmission. The single weakest component, accord-
inq t, th analysis, was the planet bearing.

Is reference 13 a similar study was done for a typical planetary gear set such as
found in a turboprop or helicopter reduction gear stage. The study was done for a three
planet system with an output of 150 kW (200 hp) at 300 rpm. The gears were AISI 9310
Vacuum Arc Remelt steel with faco, width 51 mm (2.0 in.), module 4.23 mm (diametral pitch
6 in -I), and 20' pressure angle. The tooth numbers were sun, 24; ring, 96; and
planot, 36. The planet bearings were 75-02 cylindrical roller bearings with a width of
25 mm (I in.) and outside diameter of 130 mm (5-1/8 in.). The life distribution of the
system and the most critical elements, sun and planet bearing are shown in the Weibull
plot (fig. 15). In contrast to the turboprop example, the sun gear is the weakest
element according to the analysis.

/
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WEIGHT

The specific weights for current main rotor gearboxes range from 0.30 to
0.50 lb/hp. A summary showing the total drive system weight is given in table I. The
total drive specific weight ranges from 0.4 to 0.6 lb/hp on the basis of input power to
the drive train. The helicopters considered here are plotted with weight trends in
figure 8. Housing assemblies are usually made of low density materials such as cast
magnesium and forged aluminum for the load bearing members. This is important because
housings comprise 20 to 60 percent of total transmission weight in current helicopters.
The gears themselves increase in weight according to the quare of the ratio. Therefore
high ratio reductions in a single stage are not common. The order of weights from
lightest to heaviest (for equal gear ratios) is planetary, parallel axis, spiral bevel,
and it is beneficial to take higher reductions nearest to the final output. This will
trade-off number of stages against overall weight. Current designs reflect this, as
the bevel stages usually take the less reduction at the higher speed. These rules may
not apply if weight distribution and the effect on helicopter center of gravity are
overriding factors.

EFFICIENCY

The current helicopter transmissions transfer power from engine to rotor in an
highly efficient manner. Transmission efficiencies range from 97 to 99 percent in to-
day's flying helicopters. The power losses arise from windage losses inside the case,
bearing losses, seal sliding friction losses, pumping losses, with the main contributor
being the sliding losses in the gear teeth. For a single spiral bevel or a spur mesh
there is approximately 0.50 percent loss; for a planetary stage, a 0.75 percent loss.
These figures apply only to a fully loaded transmission. At part load, the efficiency
decreases significantly. Figure 9 shows a plot of measured efficiency for the OH-58
transmission. Efficiency at maximum speed and torque is 98.4 percent. The effect of
decreasing torque is characteristic of all transmissions. The gear teeth need to be
loaded to their capacity for the given size and properly lubricated. Also the effect
of speed is shown on this figure. As the speed is halved at full torque, a 1/10 percent
increase in efficiency is noticed. This is the sensitivity to windage. Efficiency of
power trarster is extremely important to the overall operation envelope of the helicop-
ter. For example, in a 3000 hp helicopter, such as the Blackhawk, a one percent de-
crease in efficiency would consume an additional ji hp. A medium helicopter suffers a
useful payload reduction of 100 to 200 Ib with a one percent power loss. In addition,
the added 30 hp would have to be dissipated, requiring a larger oil cooler which would
be heavier and more vulnerable. Therefore, any new designs, in order to be viable,
must be at least as efficient as current designs or they must ie mazch lighter, if not
as efficient, in order to compensate for loss of payload and increased cooling system
weiqht.

NOlISEI

Transmissions are the main source of noise in today's helicopter interiors. The
noise is predominantly pure tone multiples of gear mesh frequencies. The frequencies
ranne from several hundred hertz to beyond hearing range. The source of noise is the
iear mesh as an impact exciter, with sound transmitted to the listener through struc-
tural and airborn pathways. There is currently no universally satisfactory treatment.
Cirrent analytical tools are only now being refined and they may be useful to design
the next generation of helicopters. Current rendies are spot treatments using damping
material around the passenger compartments and friction damping rings on the gear
blanks. Sound treatments in use today have the disadvantage of weight and cost penalty
and increased maintenance man hours due to the need for removal of noise abatement ma-
terials for airframe snd component inspection. Moreover, the materials may never be
replaced sufseooent to an airframe maintenance inspection. Experience has shown that
higher freqstncios are easier to treat, and that for equal pitch line velocities, heli-
cal nears are the most quiet, followed in order by, spur and bevel gears. Generally,
hiqher contact ratio and finer pitch give quieter gears, but fiie pitch gears are not
as strong as their sorp course counterparts. This requires a trade-off study.

A study of interior noise levels of current helicopters has been completed recently
(ref. 8). The findings, obtained by averaqinq the measurements from two microphones
placed near the pilot's and copilot's heads, were as follows: Oll-58A, 107 dB; Ui-ii,
113 dB; All-IS, 120 dB; 1i11-60A, 115 dB aid CH-47C, 118 dB. Tlese measurements are for
overall sound pressure levels at cruise conditions. There wore significant variations
in frequency content from aircraft to aircraft. Costs of noise treatments for cabin
interiors have been assessed (ref. 9). For the hell Jet [anter Ill (fig. 10) which is
civil version of the 01-5B a speech interference level of 84 dB at cruise conditions
can be achieved with a kit supplied by a third party for under $4000. For larger heli-
copters the costs are proportional to helicopter size and noise severity. Single rotor
helicopters have the transmission closer to the passenger compartment, whereas tandem
ro or aircraft have the forward transmission very near the cockpit. Transmission lo-
oation determines the type of noise treatment because of the varied noise paths between
the two types of aircraft.

Figure 11 shows that over the past two decades transmissions have steadil% become
noisier. Fiture 12 shows that in the same period the transmissions have steadily become
liqhter. The result is that in order to meet military noise specification MIL-A-8806A,
soundproofinq treatments resulted in heavier packages when the combination of main
searbox and sound proofing weights are added together (fig. 12).



FATIGUE AND RESIDUAL STRESS

In the manufacturing process there are many factors which affect the residual
stress in transmission components. Most prominent of these are the type machinery in-
volved in the cutting, speed of the machine, machining lubricants, shape of the part,
surface finish, heat-treat processes and handling. The resulting residual stress can
be either beneficial or detrimental to the fatigue strength of the part. Parts with
surface tension stresses could have shortened life since any applied tension fatigue
stress would be additive. Whereas parts with compressive stresses could have beneficial
effects as the compressive stress would subtract from applied tension fatigue stresses
and inhibit crack initiation or growth.

One method used by the helicopter companies to eliminate the residual stres , is
through shot peening. Shot peening has long been used as a method for improving tne
bending strength of gears. However, until recently it had not been considered to be a

factor in extending fatigue life. Studies conducted on residual stresses in rolling-
element bearings at NASA Lewis Research Center have shown that increased residual com-
pressive stress increases rolling-element (surfac,) fatigue life (refs. 5 and 6). In
addition, an investigation was conducted to determine the effect of shot peening of
gear teeth on surface fatigue life (ref. 7). Gear surface fatigue endurance tests were
conducted on two groups of carburized and hardened AISI 9310 steel spur gears, manufac-

tured from the same heat of material. One group was subject to an additional shot
peening process on the gear tooth surface and root radius. The test results are shown
in table I (ref. 7). Basically, the shot peened gears exhibited fatigue lives 1.6 times
the life of standard gears without shot peening (ref. 7).

Thus, it can be seen that shot peening provides an increase in fatigue life in
addition to improving bending strength.

GEAR STEEL

The mst commonly used gear material in U.S. helicopter transmission is AISI 9310.
However, the Boeing Vertol Company changed to VASCO X-2, modified in the CH-47D. Other
materials such as CBS 600, CBS 1000 and Carpenter X53, are being evaluated by industry

and government laborutories. The shift to VASCO X-2 stems from a desire for a steel
with improved high-hot-hardness characteristics which would enable gears to carry higher
loads without the surface distress that was becomino a limiting factor with AISI 9310.
In addition, survivability was of concern to the military and the capability to get

home in case of damage to the lubrication system.

Boeing Vertol with support from the Army and Navy developed VASCO X-2 in the early
seventies. It now is used on the CH-47D transmission in all the highly loaded gears
which had potential for scoring/scuffina using AISI 9310. In comparative tests between
VASCO X-2 and AISI 9310, VASCO X-2 has shown superior resistance to scuffing and scoring
which limit the load capability under conditions of thin-film lubrication (lightweight
synthetic oils), figure 9 (ref. 4). In tests of the bending fatigue endurance limit
VASCO X-2 and AISI 9310 were essentially the same (ref. 4). VASCO X-2 has a somewhat
improved capacity over AISf 9310 in contact (Hertzian) capacity (ref. 4). In fracture
mechanics property tests, AISI 9310 has higher impact strength and fracture toughness,
while VASCO X-2 and AISI 9310 have equivalent fatigue crack propagation rates and
threshold values (ref. 4). Before this material could be utilized it was necessary to
develop a thorough understanding of the material chemistry and heat treatment in addi-
tion to the processing variables and quality control. This was accomplished after a
great deal of effort by Boeing Vertol and VASCO X-2 now is firmly established as a gear
material.

GEAR PARAMETERS

The majority of the current helicopter transmissions have spur-gear contact ratios
(average number of teeth in contact) less than two. The contact ratios range from 1.3
to 1.6 so that the number of teeth in engagement is either one or two. Basically, the
load is shared by two teeth during the entrance and exit phases of engagement while one
pair of teeth caLries the load the remaining time. Many gears use a pressure angle of
20 to 250 and operate with a contact ratio of approximately I.'. Pressure angles up to
280 hav- been used successfully. This provides improved tooth strength, however, at
the same time it increases noise and may cause lower pitting fatigue life.

Allowable stresses vary with gear material to be used and the maximum temperature
to be endured. Most designs are based on maximum gear body tenperature under 400 K
(approx. 2500 F). The AGMA (American Gear Manufacturers Association) standards for
aircraft gearing are used to calculate both Hertz contact stress and bending stresses.
In today's helicopters designs are limited to about 1.1 GPa (160,000 psi) for Hertz
Stress, thus allowing for leeway in case of misalignments induced by case flexibility
and manuever-imposed loads. Total loads rarely exceed 1.5 GPa (220,000 psi) for Hertz
stress in gears. For bending, 0.4 GPa (60,000 psi) is rarely exceeded. Bevel gear
limits are lower than for spur and helical gears.

Pitch line velocity in current transmissions for high speed bevel gears is approx-
imately 50 to 100 m/s (10,000 to 20,000 ft/min). These limits were necessary because
of the need to limit lubrication churning power loss, as well as to prevent high
dynamic loads.



to 7:1 for a single state (sun gear input, ring grar fixed, cige output). In current
practice the planetary seldom has a reduction ratio greater than 4.7:1
when fitted with five planet pinions (refs 1 and 2).

There are times when two planetaries are used in series (CH-47 and 0H-1) to obtain
higher reduction ratios. A wide variety of reduction ratios is available with two
planetaries and the designer has the choice of reduction ratio for each stage to attain
a specific overall ratio.

TYPICAL CONFIGURATIONS

The 0H-58 has a single main rotor transmission which represents current design
practice in light helicopters (fig. 3). There are four reduction stages between the
engine and main rotor shaft. The engine output speed of 35,350 rpm is reduces in two
stages of helical gears to 6060 rpm at the input of the main gearbox. The helical gears
provide an offset between the engine and bevel pinion axis and allow power to be ex-
tracted from the final helical gear for the tail rotor. The first-stage gearing in the
transmission is spiral bevel (19/71 reduction) and provides a speed of 1622 rpm to the
sun gear of a fixed-ring planetary unit. The planetary unit provides the final reduc-
tion of 4.67:1 and gives a speed of 347.5 rpm to the planet carrier and main shaft.

Noteworthy features of this design include the use of self-aligning bearings in
the planet pinions, a radially flexible ring gear and a cantilever support for the bevel
gear which was used to reduce the overall height.

Stepping up to the larger size single rotor helicopter, we find the UH-I and UH-60.
Both are in the utility class, however, only the UH-60 will be addressed since the UH-I
drive-train configuration even with an additional planetary stage is similar to the
OH-58. The UH-60 main transmission has five separate, interchangeable modules (fig.
4). They are the main module, two engine input modules and two accessory modules. The
power train has two spiral bevel gear meshes (17.3:1 reduction and a spur gear plane-
tary system with five pinions (4.67:1 reduction). Three additional spiral bevel meshes
provide power take-off for the accessory modules and tail rotor while four spur gear
meshes driv the accessories and lubrication pumps. This drive-train configuration
provides an overall reduction ratio <f 80:1 and reduces the input speed from 20,900 to
258 rpm at tht main rotor. The continuous rating of transmission is 2828-hp with a
single engine rating of 1560 hp.

While the OH-58 is rePresentative of the single rotor main transmission, the CH-47
has transmissions typical of tandem rotor design. The CH-47 has engine and combining
transmissions in addition to forward and aft main rotor transmissions. Each engine
qearbox changes the direction of axis from the power plan' to the combining transmission
and reduces the speed. The gearing is spiral bevel with r Auction ratio of 1.23:1.
The power rating of the gearbox is 3750 hp. A clutch is a2'd at the output shaft t-
allow autorotation without drag from the engine and gearbox.

The combininq transmission takes the input from the two engine gearboxes and has
two outputs to drive the forward and aft transmissions. The combining transmission has
spiral fevel gearing with a reduction ratio of 1.7:1 and a power rating of 6000-hp.

Power from the combining gearbox is transmitted through synchronizing shafts to
the forward and aft transmissions, which are similar in design (fig. C). The first-
stage gearing in the transmission is spiral bevel, followed by two simple spur gear
planetary units with a common ring gear. This configuration provides a reduction ratio
of 30.73 in both the forward and aft transmissions. They are rated at 3600 np with an
input speed of 7465 rpm and 243 rotor rpm.

QUALITY OF MATERIALS

Major advances have been made in the past two decades which improve the quality ot
tParinq and gearing materials for transmissions. These advances irvolve improved pruc-
ess.inq and cleanliness and oreater control on material chemistry a.id heat treatment.
The largest and most significant improvement is related to the use of double-vacuum-melt
steel instead of single-vacuum-melt. -his process involves the use of Vacuum-Induction-
Melt (VIM) in combination with Vacuum-Arc-Remelt (VAR). The processing techniques pro-
vide a very homogenous material with reduced nonmetallic inclusicns, entrapped gases,
and trace elements.

The first benefit of the improved cleanliness of the material is an increase in
fatigue life. An example of the exceptional long fatigue life that can be obtained
with VIM-VAR AISI M-50 is presented in reference 3. A group of 120-mm-bore, angular
contact ball bearings was enduLance tested at three million DN (D is bore diameter in
millimeters and N is speed in rpm) and a thrust load of 22,200-N (5000 lb). The ten
percent fatigue life obtained was over 100 times the predicted AFBMA life. This long
life includes lubrication effects which are beneficial to life at these high speeds, so
that the improvement attributed to VIM-VAR AISO M-50 was a factor of 44 (ref. 3).

A second benefit gained through the use of double-vacuum-melt over single-vacuum-
melt steel is the improvement in the threshold stress allowables and in fractur tough-
ness characteristics. Tests conducted by Boeing Vertol indicate a substantial improve-

ment in threshold stress as shown in figure 6 (ref. 4). For these reasons, the Army
now is specifying VIM-VAR on critical transmission components.



SUM4MARY OF DRIVE-TRAIN COMPONENT TECHNOLOGY IN HELICOPTEnS

Gilbert J. Weden and John J. Coy
Propuls ion Laboratory

AVSCOm Research and Technology Laboratories
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

A review of current helicopters was conducted to determine the technology in the
drive-train systems. This paper highlights the design features including reliability,
maintainability and sur'ivability characteristics, in transmission systems for the
OH-58, UN-l, CH-47 and UH-60 helicopters. In addition, trade-offs involving cost, re-
liability and life are discussed.

INTRODUCTION

With the advent of the gas turbine enoine and its application to helicopters in
the late fifties and early sixties, there was a significant change in the design and
technology of helicopter transmissions. Drive system input speeds increased from 2500
to 20,000 rpm and power to be absorbed tripled. These challenges were met by the heli-
copter industry. In the seventies and early eighties there have been other challenges:
reauirements for reduced weight, reduced noise, increased survivability, increased
safety and lower life-cycle costs.

In most cases the technology to meet these challenges has been paced by military
interests, in particular the U.S. Army (refs I and 2). This being the case, a review
was made of the Jrive system technology in the Army's ON-58, UN-I, CH-47 and UH-6i
(Eig. 1). These helicopters represent a range from light observation to medium-lift
cargo. With the exception of the UN-6O, they became operational in the sixties and
have continued in service through several versions (A, B, C and D series) with the tat-
' st models expected to be in the Army inventory through 1990. Many are being built
under licensee agreements. Their evolution has been characterized by improved range
and speed and by constantly improving reliability aid safety. New or improved drive
systems have been developed for the latest models with the objective of step improve-
ments in maintainability and reliability.

The UH-60 is a relatively new helicopter; first production deliveries began in
1979. It is used extensively by the Army and Navy and is designed primarily to carry
eleven fully eguipped troops plus a crew of two. The gearbox represents current state-
of-the-art design for helicopter transmissions.

DESIGN APPROACH

The desig:. of the transmission system is dictated by the configuration of the he-
licopter. Two configurations are in general use: (1) a single main rotor with a tail
rotor and (2) a tandem configuration with twin contrarotating rotors of equal size and
loading so that the torgues of the rotors are egual and opposing. A typical drive train)
cootfiguration for the single-rotor machine is shown in figure 2 with the main variations
occurring in the location and configuration of the engines.

In both configurations, single and tandem rotor, the transmission loads are a
function of power and speed. The engine power is determined from the maximum perform-
ance reguirements of the mission, such as hover at 4000 ft (out-uf-ground-effect) at
950 F. The input speed to the transmission is fixed Dy the output speed of the engine,
while the rotor speed is determined by the top speed of the rotor blade. Th:us the
overall drive train reduction ratio can be determined for a given rotor diameter.
Trade-off studies are conducted to evaluate different contigurations for splitting the
reduction ratio among the various transmission components )epi~yclic bevel gear set,
spur set, etc.) and achieving a design with minimum weihl . Consideration also must be
given to the transmission housing.

Finally, a thorough aerodynamic analysis is conducted on the helicopter mission in
order to obtain complete spectra of the rotor loads and moments as well as the maneuver
loads and transients for maximum transmission reliability. This analysis is compared
with known load-life relations on similar components to achieve maximum transmission
reliability and minimum weight.

OVERALL ARRANGEMENT

Current helicopter main transmission systems have a reduction ratio in the region
of 80:1 to 100:1 to reduce the gas-turbine engine speed to :he main rotor. This ratio
is achieved in either three or four stages of gearing, where each stage is either an
epicyclic gear assembly, a spiral bevel gear pair or a helical gear pair. The predomi-
nant cootfiguration in current designs is the planetary gear train. The trend to plane-
tary gear trains is well established as it provides maximum torque in a lightweignt and
compact gear reduction. in the planetary design, practical reductions vary from 2.15:1



The overall experience in relabaility, availability, ano life of U.S. manufactured
equipment, not just military eQulpmvlt, ieavus much to be desired. Our recent experi-
ence with U.S. made automobiles has shown 3rtat lack in these areas as compared to other
foreign manufactured products. our whole quality control and inspection programs have
been challenged.

Bec se these problems are much more important to the military, they have consiu-
erably mue to gain in solving them. Thus, reliability and maintainability improve-
ments in military equipment is begirnnng to receive considerably more attention anu
should have a very positive impact on our commercial and industrial products. This
area represents another technology "spinoff" resulting from military development efforts
hat will have positive effect on a great variety of products.

It is expected that in the free world about 30,000 helicopters will be built :n the
1980's. Approximately 30A of these will be for military use. This corresponds to
approximately a thirty billion uollar business, approximately half of it in the U.S.A.
Most of the civil advances are expected to come from the military developments very
similar to the aircraft experience. It is, therefore, very important that the military
continues to make the necessary technology advances. This represents another reason for
continued commitment to the advances of this technology.

In reviewing the variety of papers on transmissions, which also include this sym-
posium, I found that the sessions could have been divided into the following broad
categories:

No. of Paper in this Conference

I. Future Requirements 4
2. Component Technology 1 11
3. Component Technology II (Emphasis on Tribology) 7
4. System Technology 6
5. Design 5
6. Manufacturing 4
7. Certification 2

I offer this observation because this breakdown might help me in preparing the
Technical Evaluation Report. I would, therefore, like to request that each author
identifies the classification of his paper along the above seven categories. Some of
the papers may actually cover two or more categories. I would also like to request
that each author clearly identifies technological gaps and points out the possible payoff
resulting from the advances he is making. I hope that the authors will spend most of
the allotted time on raising issues, projecting future trends, and providing forum for
lively discussions. In technical sessions and symposia, I have found that lively dis-
cussions and diverse points of view are often much more valuable and informative than
the paper itself.

In summary, I am sure that all of us will learn something new. We are bound to gain
better understanding of the current status of this technology. Fo some of us, the
symposium will spark new ideas for technology advances; for others, it may provide an-
swers to existing problems. Thus, I am sure that all of us will derive value out of
these sessions.



added to the analytical complexity, but the high speed, high storage capacity computer
was able to cope with this.

In the case of transmissions, the analyses are much more difficult primarily because
they are made up of a large number of components and there is considerably more inter-
action between the various parameters. This is especially true in military applications
where weight, reliability, and noise are important factors that must be considered. For
example, when we reduce weight, we tend to get more deflection, higher stresses, greater
noise, poorer elasto-hydrodynamics lubrication, lower reliability, etc.

Today we are on the threshold of a new computer advance which will help us to ana-
lyze complex systems. It is the emergence of CAD/CAM technology. These new tools will
enable us to study design changes and help us to see their effects. Thus, we can study
deflections, stress, lubrication, and heat transfer and extend it to vibration and noise.
We can quickly assess dimensional changes on the performance of components and systems.
These dimensional changes not only affect lubrication, vibration, anu noise, but also
system weight. The added advantage of this tool is that it can be used in a man-machine
interactive mode, and thus an experienced designer can rapidly see the effects of the
change. I, therefore, believe that this relatively new design and manufacturing tool
will greatly help to speed up the development process and give us a much better chance
to optimize complete transmissions and propulsion systems. The CAD technology is expect-
ed to contribute to system analyses in the eighties in a similar way that the high speed,
high storage capacity computers did in component analyses during the fifties and sixties.

Another very important advance in the past decade has been the development of micro-
chips which have been very effectively used not only in computers, but also in signal
analyses. Processing equipment using microelectronics can be coupled to a variety of
of miniature sensors and transducers to accurately give us experimental and uiagnostic
data that we were unable to get before. These will be used to improve reliability,
life, and maintainability of power drive systems.

Thus, complex three-dimensional problems of lubrication, elasticity, and energy can
be analyzed today for complex geometries very quickly and at relatively low cost. This
is very important, especially in the assessment and development of a variety of military
transmissions such as planetary, hybrid, traction, and split torque.

it is well recognized that weight reduction is very important in aircraft and space
equipment. Over a relatively short period of time, transmission weight has been reuuced
from 0.4 lbs/HP to 0.3 lbs/HP. Considerable effort has been directed to weight reduc-
tion, and split torque transmissions for helicopters of around 0.2 Ibs/HP are now being
investigated. Weight recuctions are often related to higher speed, reduced lubrication
volume, use of new materials, etc. Unfortunately, some of the weight reduction efforts
have also had son. negative effects on life by causing higher stresses and poor lubri-
cation which resulted in premature failures. Inadequate analytical tools and understand-
ing are the prime causes of these failures.

I am reminded of the development of the Vulcan gun at the General Electric Company.
During its illustrious history, i was exposed to three independent teams of Value Ana-
lysts whose assignment was to reduce cost through weight reductions. It was a very noble
objective, but one that resulted in serious problems. Each time the modifications result-
ed in failures, and it was concluded that the weight reduction caused excessive deflec-
tions which resulted in a host of performance problems. In each case, the structure fi-
nally had to be beefed up. If easy to use analytical tools were available, these prob-
lems would probably have been avoided.

This rather poor experience in no way should imply that weight reductions are not
possible. In fact, CAD/CAM has been very effectively used for this purpose in weight
reductions of automobiles, and it can be applied to transmissions and propulsion systems.
During the past two decades, there have also been very significant developments of new
alloys (e.g., EX-53l and processes (e.g., shot peening, growth of large single crystals,
etc.). Also, there have been significant advances in ceramics and composites. These
new materials, with a number of very desirable properties, will result in some very signif-
icant weight, cost, noise, and vibration reductions. For instance, shafting that uses
composite materials offers considerable advantages both in weight reduction and rotor dy-
namics. It is, therefore, hoped that many of these new advances in materials and ana-
lyses will quickly find their way into the power drive systems.

Another area that deserves discussion is that of reliability, TBO, MTBR, and cost.
We recognize that these are very important factors, especially in military applications
where the cost of maintenance tends to b. very high. Helicopter and turboprop aircraft
are highly vulnerable to transmission failures. Studies have shown that over 50t of
helicopter maintenance cost is attributed to mechanical drive systems. Rolling element
bearing fatigue, spalling, spline wear, fretting, gear track fatigue, and tapered roller
lubrication failures are just a few examples. MTBR of about 1,003 hours is very shurt,
and obviously there is a need to significantly increase this numter. It should be re-
membered that transmissions are made up of a large number of components whose lives have
to be an order of magnitude higher. (For MTBR of 1,000 hours with 20 components, each
must have a life of 1,000 x 20 = 20,000 hrs.) These short lives are often attributed
to poor design, inadequate analytical tools, poor lubrication, poor materials resulting
from inadequate development, poor correlation between theory and experiment, etc. Arti-
ficial Intelligence (Al) will become a very important diagnostic tool in failure analyses.
Adapting Al and expert systems to transmission analyses should result in significant
payo ff.
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OVERVIEW 01 POWER TRANSFER TECHNOLOGY

Dr. Beno Sternlicht - Technical Director
Mechanical Technology Incorporated

966 Albany Shaker Road, Latham, N.Y., 12110, U.S.A.

When I was asked by Mr. John Acurio to be the technical evaluator of this symposium,
my first reaction was negative. This was primarily because I did not consider myself to
be an expert in this field. I felt that I would contribute little to this group of ex-
perts. Then, with a little more persuasion from John, whom I learned to respect, I fi-
nally accepted this invitation. I would like to share with you some of the reasons for
my acceptance:

I. MTI, since its founding, has been one of the leading technology groups working in
bearings, seals, gears, and transmissions. During our history, we have been engaged
in the development of mechanical transmissions covering such areas as design, trouble-
shooting, and also applying them to our products. This symposium, I felt, would pro-
vide me with a good opportunity to learn what others were doing.

2. I have had personal experience in several technology areas common to this field. In
the past, I have found that an expert in one technical area can often provide an
objective assessment of a related field because he has no ax to grind.

3. The purpose of a symposium is to disseminate information and to spark new ideas for
R&D. I have always believed that technology is only valuable when it is effectively
disseminated and applied. This symposium would provide an important avenue for dis-
semination of information.

4. I strongly felt that the AGARD meeting provided an opportunity for the leading ex-
perts in NATO to exchange scientific and technical information, provide consulting
services and, all in all, find new research directions which are likely to result
in significant impact.

These factors finally convinced me to accept this challenge. Here I am, hoping that all
of us are going to have a productive and educational meeting, one in which we will open-
ly present both our accomplishments and failures. I have found that well documentea
failures are often just as important as successes, for they spark new ideas and provide
new research directions.

To get rapidly up to speed in this area of technology, I took several steps. I con-
ducted a library search of papers on aircraft transmissions that were published in the
last decade. I then laboriously pored through these and selected about fifty papers
which I reviewed in more detail. Most of these, because of time restraint, were by
American authors. One compendium of papers that proved to be very valuable was the
Advanced Power Transmission Technology conducted by NASA-Lewis on June 9-11, 1981. 1
also telephoned several transmission experts to learn what R&D they were doing and to
identify areas which they felt were important.

Based on this study, I have concluded that we are on the threshold of getting a
much better understanding of the various parameters influencing transmission design.
Thus, in the next few years, we should be able to make significant contributions to
transmission design and performance. Why do I feel that we are on the threshold of some
significant breakthroughs in this area? To answer this observation, I would like to con-
trast this area of technology to one with which I am considerably more familiar.

In the fifties and sixties there were very significant strides made in the field of
fluid film bearings (hydrodynamics and hydrostatics). This wis due to the advent of high
speed computers which enabled us to use finite element methods to solve complex partial
differential equations. A number of technologists used these tools to similtaneously
solve Reynolds and energy equations for a variety of bearing geometries. These analyses
eliminated the need for approximations and the use of empirical correction factors. Dur-
ing the same period, with the aid of more accurate film thizkness and temperature measure-
ments, experimentalists showed very good correlation between theory and practice. In the
late sixties and early seventies, theory was extended to eiasto-hydrodynamics anu thermo-
elasto-hydrodynamics (a word coined by me). Thus, we were able to better understand the
process of lubrication and traction in rolling element bearings, gears, traction drives,
and seals. Through this effort, major strides were made i,. increasing life, speed, anu
DN value of rolling element bearings. During the same period, theory was also extendeu
to compressible fluids, and this enabled many companies to develop gas bearings and apply
them to a variety of products ranging from turbochargers to computers. The theory was
also extended to bearing rotor dynamics which gave us better insight into stability,
critical speeds, balancing and vibration of the complete machinery systems.

Thus, the high speed, high storage capacity computers enabled us to analyze a variety
of machine elements and systems. In fluio film bearings, often the analyses could be two-
dimensional and for the low speed and light loads, the energy consideration could be ne-
glected. In the case of high shear, the energy equations had to be included. For roll-
ing element bearings and gears, hydrodynamic, elasticity, and energy equations often had
to be solved simultaneously. In the case of rotor dynamics, the spring and damping func-
tions of the bearings had to be included in the analys2s. This, of course, significantly
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0 Involute vs. conformal with regard to cost. noise. availability, sulncrabilit, and nctght.

(4) Revolutionary changes where the improvements arc at least a factor of two.

CONCLUSIONS

(1) The symposium presented an excellent forum for dissemination of R & D information conducted in this very important
area of technology.

(2) The R & D effort seems to be evolutionary and not revolutionary and seems to be receiving inadequate emphasis and

funding.

(3) The power train represents the weakest link in helicopters. The TBO and MTBR is very short and needs to be
sigmficantly increased.

(4) New tools are now available which can have significant impact on transmission design and performance.

(5) Transmission technology needs to receive greater professional recognition. This will require stronger interaction with
professional societies and universities.

RECOMMENDATIONS

(I) Prepare AGARDographs covering such subjeects as:

(a) Future transmission needs - (past 1995)

(b) Cost/benefit analyses

(c) Critical comparisons of:
Involute vs. conformal gears
Advanced revolutionary transmission concepts
Integral design vs. stacked design
Engine/transmission integration vs. present coupled system.

(d) Artificial intelligence - failure modes

(e) Two lubricants (engine & transmission) vs. one common lubricant

(f) CAD/CAM manufacturing to increase life
lower noise
lower cost

(g) Materials and structures (including composites)

(h) Health monitoring technologies

(2) During the meetings, longer time should be allocated to discusions. (it sNsuld he valuable t arralnge for some prepared

discussions, especially if those can present an opposite point of viesy to that of the author.)

(3) Panels of experts should be considered to discuss or debaica coniro%vsiall epic

(4) R & D funding should be significantly incrcased in this importait area ii1 prpulsion.

i in.................... .. . i mow n nnnunl;dk II% ")j E



Artificial intelligence, failure mode analyses, trend and statistical analyses should be employed in the generation of the
'bath tub" mortality curve for any new transmission design. It is interesting to point out that there is great similarity bctssecn
the mortality curves for products, e.g. transmissions, and humans (Figures I & 2). Accurate predictions of mortality curves
can have a very important payoff as illustrated by the performance of insurance companies.

In the USA, insurance companies that employed advanced analytical tools, especially statistical methods, made a lot of
money in the 1950s and 60s for they were able to accurately predict the mortality curve. Then, based on trend analyses. they
were able to project future mortality curves and thus set their insurance rates. European insurance companies went broke at
the turn of this century because they did not predict the high death rate resulting from World War I. It is difficult andt 'cr%
expensive to get life insurance in Israel because of the unpredictability of deaths by terrorist,. No let's look at the
similarities:

HUMAN TRANSMISSIONS

Infant Mortality

a Health of parents Design & capabilit,#
Manufacturing competence

* Environment-cleanliness Cleanliness & filtration

* Early nutrition - vitamins Use (if additives
- low viscosity f Cutting lubricants/fluids

food (break in lubricants

Useful ULe (reliability analyses)

* Inheritance * Materials

* Nutrition * Lubrication

a Environment - water & air quaiity D irt & chemical decomposition
recently - noise Surface finish

Wear Out (cause of death very large body of * Failure modes
statistical data)

Heart - massive heart attack, stroke, seizure, Fatigue (break, massive crack, surface-plucking.
heart failure pitting, spalling)

Cancer - various forms Wear (ciituring. scuffing)

Various therapies
e.g.. by-pass valve, heart transplant, radiation.

chemotherapy

Our objective with manufactured systems is to limit the failure taw during ilfant tiI ial aid shorten the time I-
infant mortality. By far, the most important objective is to increase useful life of equiptucM.

The symposium did not address the following is,ucs

(I) What are the future transmission needs, c.g in mid
-
9

1 
Is'

(2) What is the cost/benefit of transmission R & I)?

" What will be the S saving in fuel cost if the transmission sseight is halved?

a What will be the increase in TPO, MTIt, and life by uing separate tranni t- i 1 lubi it ant'

a What is the ratio of transmissitn acquisition cost vs. itnaiiiiuince cost.,

a What are the advantages of integral design from lie stalpo tint of cost. asaililihl %. s ulciabilit atil noi-c

The above need to be quantified.

(3) Critical comparison of various areas. cg..

* Planetary vs. split torque vs. hybrid vs traction

x V
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Several papers discussed more than one topic. lhe symposium, as ai a hole, covered a wide spect rum of subjects ranging
from:

* Future Requirements to Certification
& Design to Manufacturing
* Component to System Technologies
. Diagnostic systems - wear to vibration
. Measurements of surface topographty, tooth profile. vibration and noise
. Lubricants, filtration, surface finish, topography. chemical idhecsioti
* Experimental Analyses - photoelastieity. strain gauging, error tticasaremcitts

As technical evaluator, I have taken the subject matter presented in the 33 papers and have categorized the papers along
seven somewhat different subject headings as illustrated in Table 11. Bly doing this, it becanw civa that more than htalf oIih.
papers dealt with component technologies, primarily with gear stresses and various aspects ol t ribology.

The important subject of increasing TBO and MTI3R was discussed by various authors. It as pointed out that a large
number of factors influence these two very important design parameters, eg.:

(a) Materials (Refs. 2, 5, 13, Ill)
(b) Lubricant properties (Ref. 4)
(c) Use of two lubricants (one for the engine and the other for transmissionI
(d) Filtration (Ref. 11)
(e) Surface topography and roughness (Ref. 21)
(f) Elastolsyrrodynamics (Re. 23)
(g) Chemical - mechaical interaction (Ref. 24)
(h) Tooth geometr (conformal vs. involute) (Rcf. 26)
(if D~iagnostics (Refs, 29, 31. 34, 35)

The subject of weight reduction was treated only superficially. ThreeQ p, ,er. hoefly touichedon.

(a) Weight reduction of components
(bf Weight reduction of transmission casing (resulting from tfte use of ness mtaterials. c,-. mansestum anad coastc,

Nowhere was the subject treated (in a comparative basis dJiscussiTM safitnis desiiens. nisntii-ion t~pes. and
configurations that result in the lowest weight (L.b. llP) without sacrificigoihr important desigun objectives.

Three papers dealt with the subject of transmission noise. One oif these (Ref. 27) discussed the cotmplexity of thc
- analysis. The second paper (Ref. 3ff) discussed the iorigins of gear noise. Nored othe pzipet cisc theoretical ort enperimcntit1

comparisons of noise for variouts traristnissions nor did they preset citideltite orapI 0,I, hvs t ii, ise redaction aitd
attenuation.'The R & D effot needed itt this technology area as not sell defited

The subject of gear pritfile rcee very ittleattention. Ref. 26 litade ottl It1iited c oni.iitsons between ciinftirmtlti ot
tnvolute gears. Several papers briefl discussed integral gear bcaritte design. but here "A, it dfiat, givent(in life. coist, or
weight comparisoins.

Vulnerability and fail safe. while mnittioned is highly desirable ail importati etisl I ii is in design fRcf. 1 1), Ns.
not covered in iother papers. Yet v ulnerability andf safety as indtcatcdl I lcf%. 34. 

3~ ;iret tic kcs wa-ons fir the sern iicl c-i
associated with certificatioin. H-eattt minitorilig of transmiwsotts %ill 11;1e ti1 111t% J 1iIt cI catr tote in the future and
requires considerably more R & 1) effiirt.

As' technical Evaluator of the meeting. I aa left with the followitng getieral itpcw,

ft I the R & D cffort in transmissions is eviolutiotnary andt i rvolutfionary.
2) The level of funding fur lie R & D)effort in transmsin its 5 5ci, lits

13) Transmission R & D) is not receiving the emphasis that it (IcscrV s.
(4) The air frame and engine mntufacturers view tratsismisits a it tiiliat itand not i .i ital link it the sste at

design.
(5) Health monitoring iif trausmissio itmust recevc etitsidet abiv tire utti ion

Thus, transmission R & 1) is receisitig rasther tow priority, t his ohs i''ilv ticed iii be -t i ,ted in the light (if tlte
importance iof transmissiions and the Itistom and ecost iof both muiteitatice antd fatlut cs

rhe papers and discussions at the meeting confirmeid my intriuct ory c :mam Is lvii sIU mir otle threshold oif ineil t
technological breakthroughs in traimissitin decvelitpment. Some of liw papers dfiscksse It tis ijf CAl) ('AM (Refs 10i
15, 10). Others mentioned the use of micrieleetroinics for meastiremils and dtagtttsties (R ,lcs 2 6, 29. 313). Hie use ohl
compoasite materials for shafting and tranismion caving was alsi mtentioined as (11 tc t ine t lit aw ifuld advantage (if budil
weight reduction and notsc attnuatiiot In several oif the dmsussiiiti the sublect ot at tifictal itetIIM C oieefr both ilestgn aid
failure analysts aas mentiutned The highu cost of transmission%, mainteniane. anid , ci tittoitu viin elcith tlicaes t lie need ft %
mitre R & [),'The reliability and life tuft ratisaissions need to be grecatly increcased.



frettinq at the bolted connections. The Thomas type is used o the Uh-60 BlcktiawK
main transmission input, the CH-47 synchronizing shaft, and the 011-58 tail rotor orive.
An advantage is that when failure occurs by flexural fatigue in one of the flexubie
elements, it is easily seen and the failure is progressive so that catastrophic breakage
is not the case. So far, the Kaman coupling has been given experimental trials on
UH-'s at Ft. Rucker. Based on that experience, the Army is now retrofitting the K
flex couplings on UH-O's.

CONCLUDING REMARKS

This has been an overview of some of the current d- ve train concepts that are
used in the U.S. Army helicopters that are flying tojay. The history of rotary wing
aircraft has seen evolutionary change in component technology that has brought in
lightweight reliable drive trains. The current concepts have been reviewed for bear-
ings, gears, seals, clutches, materials and overall design arrangements. The implica-
tions of materials and treatments have been reviewed. Performance indices such as power
to weight relations, efficiency, and reliability have been discussed. Indeed, in the
past 30 years several generations of rotary wing aircraft have zbeen brought into the
military scene, and it is certainly expected that more refinements and new concepts
will be introduced.

Trends for future developments that are expected will be in the areas of improved
reli. lity, quieter drive trains, better materials for high temperature components,
better aterials for corrosion resistance and high fracture toughness. Mean time be-
tween overhaul and/or removal will increase and operating envelopes will be extended in
the future as a result of component technology that is being researched, developed, ana
experimentally verified at the present time. Better design techniques will be brought
in with the advent of modern computer analysis techniques that will enable design opti-
mizations to be run by the transmission designers. Finite element analyses will become
cheaper and faster to run because of work that is being done on pre- and post-processors
that are being developed especially for gears.

It has been the intention of this paper to briefly, review current technology and
to provide some background from the U.S. Army's viewpoint for the papers that follow in
this symposium. The following papers will add more detail to the topic of drive trains
for rotary wing and turboprop aircraft, and the pertinent research and developments
that can be factored into the next generation of flying aircraft. Today's, rotary wing
aircraft are wonders of technology, and the challenge is to make tommorrow's even
hr-ter.
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(a) OH-58. (b) UH-1.

(c) UH-6. (d) CH-47.

Figure 1. - Representative US Army helicopters.
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Figure 2. - Typical transmission system in single-rotor helicopter.



0i, Detail, (b)1 Schematic.
Fiqure 3. -OH-58 main transmission.
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(a) Detail (b) Schematic

Figure 5 CH47 forward transmissiona.
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Figure 7. - Scoring and cuffing tests indicate improvement in load capacity fret. 4).
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(a) Normal overrunning position.

ft Driving under normal load.

(c Driving with extreme overload.

Figure 1?. - Sprags resistant to roll over iref. A?
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the noise levels mentioned it the presentationl represent the averagenielvl hr a oatnp osre u
noise conrtributions from the engine,.eniel~ee.nveAe
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SY-STE.MES DlE TR-ANMISSION ACTLJELS

1. INTRODUC(TION

,, '"d,1 corroc re, ainet, ia o- it-t, 'srronaic, fIndustriorlo -\orospatiale a renorirs- I s. a nc d'el-,p c--

Icqer 't " -ic-n' ic pr!a no!it. ctains le lornaine des transnrnssons 1'ecp~rinon c at qtnrsc sur cc- no . opl tcr,-,

de a gi'cerat ocr prc i-dor.te ce rosrtt ilor, chspornbles dos progracrirri.os do reor, hr.Iro ;Sfinc,.,-ri ci.

-- s pro coctrocs -~ prerioer hen a Lin s--sl des s,,stccos de trancmission utilissicr L( uirei, 1),ccli ct

uipcr-Pw,a don! urc es,0c ripin-n do, ]a tec crcologneto do% prim irpal cs t ara( to ristiquc sor fart!.

a--t ri am atso corniparan, ricie t trt en Lalernr los P-ogres realises dacis Ie clcrnaicn- do a c- - J ~
tailite (I du brunt. sora ondruite.

Z. PRESENTATION DES SYSTEMES IX TRANSMISSION flESHELICOPTERES DE LA NOUVELLEGENERATION

-Ecurcquil AS.350 mooornoteur e-t bi--moteur AS.3-55-.

Cos 2 ri Icoptes 0cc! cn r cctrrrri 'c-sc tctst de transrcrrson tois quo [a partie coctrale de [a borte do trans i-s-o

pric pale (BTPl). to t ron,,on pr inn i pa do la t racccc s cr arriore or la bun to de trarisciissi otc arrcere (f)TA).

O,,r notera sur la f igunro I qu'i i c'v a pa- do bo rtc- do t rarinrsncjr, rotor nc edna cr0 (BT) or quo le nocittn atour
(r-pare 10) do rot randissoerr!n if finer it -ctr- i [ Tic ost ncrtaino par I' arbro do transminssion arr nbro (ropero 9),

dans le (as duc b - ric tour.

4 5 6 7

2 3

9
10

FIGU RE I -SYSTEMII 1W' TRANSMISSION II(7IRLrIL AS.350 355i
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4 1 t! -d r, f !", e imig-In Iol :aa opt tralini, .,,,io lI ,; n-lie frett ing . It has neoni shave ty
r- ~ ~ ~ 2 iS ri<avf Iscntrolli 1dInI part by l ubr icant c".rpo I t ion . (xidation Inibitor

n' r eor I fce rettLinrg inI ail inos 18). Int er es tIil y , II nelicnpter
r' .5i 5o r V 1Mnt ,~ trio aut hor nan f c ar, that an oilI with e xcelleI nt1 snuff- prevent 1'rig

1r -5 l- -S''n' s - or ucir3af ul at reiiucing fretting hi. This -nay reflect tho iabil it y of
t tIV__,_M21fio* ro n ratting surfaces,

Th, o, ,it byiK Ili) and Newley (18) has denonstrated tnv effectiveness of spline
feetin t uon 'eons -could usefully bc included in nelicoptor transmission oil specifications.
hot inl woul, this eisa - reasonatlo fretting p-rfornence, but it might also generate more research ir
this very negrected area of the influence of lutriount ctemistry on fretting.

Fron a knowledge of tne requirenents of helicopter tra nsnissions and tne linitations rf evinnting
-ails it is possible to speculate on tne broad composition a' improved nelicopter transmisinns-
lbricants in the future.

Uip till nvw, enters an d mineral oils h-a ve been t e favoured bas3e n--acK ,-s he 1-
transmisgsions, for reasons! discussed earlier.

It is generally agreed that a maximiixnr viscosity of aboaut -Ior 1,a-' n e
1 

a
avoid tne necessity for chianging the lubricant in cohd climares h ~ iii, T trrm.
running temperatures is more contentious. A low viscosiny is no- ni-tIt"iIni - d t.
trassmiss~qon and vice versa. In previous helicopter oil denelipmvo t woek i oonl i'y" c_
eo selected, based on the viscosity of ENO AS 21o87 fluids (5 -axurntyi-eun-' nighee, no ''oi'i
of 8-tonI at 1 90

0
C arc being enabuated, to itcrease specic filmt ~ 1. ,s-g 'rir

t, emiperatures . The, ahohet viscosities imply a nisconitby Index Irn'e -i-ri t !- ihi t. .* .
w ith lIow pur yoint and adequate thernal and hyidrost aticI stabi 1it y naggeoti ,, - o. , I n

- ni coned cater
* nrtnetic Inydr caurtonsI

The ar--vi' I ibi - wel -I plbrld und tax- good addi t ive res yonne- MKoat ParoeW era3We-,"o_1
-. 91 if I -c'' 0t" ' oi ties suggested atove. However, if ext-ene tceeraturn tli ~yinl

- rget ,os-n rinl-thi cvaned witn pol ymer ic en ter s or gl yccln ta gi ve fIbuidSo ulta'

y id t -3 I I ,opto- tranani s~or olis vary deperdiorg an Ihei l'-i gini: irrnt-c
7,- l~, I-lP",ju-o i bat arc ioc around, hi gbi tempcrature at nitt lit c 'noey Iv t -f

roe lot ft - ioni~ innibitoocs in Sign coricotrationo,. Normally includrol al-co --
ac-1i I ii io , i;-rciri ir lI I ' -' il fonam inibt cn-ism. nti-wri -dltvc i-

'il-ire1, ,;1 o -rre---i'rir r ti-Iy lyareive ci--it'- oditiv-n, -a.
a ,1,, - t nign ri'ii ae-turc3 e ,ar c-Il dc-rivdb co-bra-t - r

--'nin.I--rft -- ?y tenIra torconain rnandaris-c xtre prn-sre
il i~ -Wox'ur.' '-f n1Pi -phospnaran cxtremc pre,3- addliivoi, oxiabion

it I ' 1 -:1ii-l' f'ltr ails Are s r- liikely b-on- a!1rto 'if pow--rfu ii vii
! -- ii t ,t 1,"1 le perfoDrm~ acc bie -,nge of gcocn, found in a

r-i In 1 t -1fio k:r igh- rmenyrauare stan- li y req-ui remnt of gao burline
nilo i 7rr i v- il ''' n o Cwerfal '' an tnose carrent ly employed ini gym tarrnen A

11 910 igi 90 h ~ e Inscluded. Soem oxidation inhiibitr no a lively to
i- - ty,' iliio to inprove fretting performanice The sante degr-ee

f-,f r-ir-o'ly f and in gaa turbine dins la lively both rrq-ireiod

,, 1,.1 1,ir- ,,"ris inhibitors. h degree ot alibi--aing 's reaui-ed in,
r'vn- i-- In I ies of iater are enoun, 'a i -ieib b pres--i'

R i, " , - - -a-abs, for, bel Icolter trarsi -aiona i' wa ul In
if 17rt ) rut ij~j~hiorscooldU be yronl,, 

0
r- nhe base o~tDc n and

in!w 1 St.u" l' e,' -', boIIly alded r unt t iitorn sait, ,i ia (! r
'am ''-fe 1 v21 'at brie a-tic- IfXt'rmc or-baon- nd pnci

ic-Iallon Al I pr-3

-r-t 'riefl y bne lutnbi i-all - r--n' y nod I el ltr It' in~ -. nn an I ham

,1'1") - va I if In l !Iy theeli";;r 1crt f I'A-mm0 cl--gin '-e' mis33i
!IV iiie if-- 'I1--argot ',! li 7" 1"p,'flI for be Ii ,'pter

-a
t  

- NAT.I 'T - i roI tar engin -91r, il

- -- - - -- '- - 2- r- i cht-n y n-soon fa



to--no Q toere limitatio-In3 thur, 3 "
tv I , dt'2 ) 11U 0Ove, t ugn ,r, !- fo '

5t , s r-as;'!_ a-c'; ro,- J ' sts are not su~ited ,, wa> 5, ;
'j- -' l--- , :,; ". v 1 - t inervitable oar, itt'.>- - :

t tuorss mr t ri"' ri 'r-v' A ' It -, r ,fr
tun" r no' !-' kr ' ''' ' ""' >11-3 1 '1 'r

'a ftOe'it 1 -

taIr test lubr Ica, n s~' 5p,'I mn ir0 s- "'!00 I 'Pra)mr
as 53 1113. Iris I ph' is a 'rss ' 1y "d' 3i'oOop"
,-stasilI'- -cia .in ,tn:1,r dirig or-it t'sedi3 . "! i' "' F1 r "i

Thie test prce" "" i'sool""s 3uL "5ss0 1 (t"":'ti7''
otirruounly nntrng frictton. halo t~aoi ,'n pe I,,- ,

repuired. Typica', Cir"r' t 1-t -,9 at a--sat i k"oIh1 1' - -,a"
'maT seicorm perfmn- gig's9-~e

7cb t ype Of teo' bas3 b"en snows -c gods" 'tst- ."'r-''-'- 5 t -', I ti

order to hsn noma-h's" tonta or u ringo if I t ii'ta d "O;g -. )r Iti"3 Ii t 3- -
o'Jaba n screenng wrs ntns' ii~ s gs sjf tol t"-toi ti','as'ts ' 1 oij'oac"t t
providinrg r apid assossme"' of' "isli"ur" -i'3 'r-'rol'" u"s,.

The sent stagem0 r rur','g grorim no r' ntma'"ly I' r-e u-;"s' so r, sU"fPtn
disc -nacnitne. Mono two it 3 of ti., in''s'to ge-dr- otee, ore yyiroat -ty I
sIdea,-roll ratio ippro riar I'a ho 1 "grn no lit moilIleu. 11teorperato. s )" 10'l
tie loa'd is toor" and i tr 'ago" in' rof rtri ot' Mntonal unti scaffng Fr r-ont a-
s inmilar i n f ormi to 'n'aso r figure 3 anr' ,btaimoo.

This type of rest bas boor -'cne ''.-' _orlate with helicopter gearsas t'esrs an' 1-ni-d
an dn intermedia'e posotrgW .5' a goei tr ai' "ant 1-lesn an-ir~ also ' 0 ep I or00'h i
nelIcoter lu~bricantt)to

The hignest iee tssoloi s a four sojae tent nt-0' with ,!Iga
box. Tnlh is 1 clearly to' most r'--- ------, tattots cost Opp'ct'at., t"Vl tifo thn.1
nachine .

It shoould no hintro! '.ndt at t'i'hsta'g cosdlttst are arc sto ons3.i''ta"' -ili_
perfornne as discussed om a hov m-"as "0 t 0.

ll cearteel s af t"trio prnpi ar metalaIlungy are 0200
IiI Thie ten3t, tenperaitu ti i nt ,I an apyropri atet looct
lii1 Tho tests -i.' scs i on s' ' oai lnit ton thus1 all weg

I unricatohnoa ilst oo"ioep," where possthblo, neo,' escfftng conoi~ittonsqa-r

ontact Fatigue Perfonmance
A lubiicant canh i nflaence ptittinhg in at 1,ii"oa thi'e li freot ways. Ftrstly tne otiscositty au nt r

0-esure v iscoaly '-oeffictent of th- lwbrtcunt dntermitne the npeetfil. film thickness, I. h ai
-t EMP f ilm thionn'e ss to s7ompiosito norat '-*'"ughbnss. Fatigoe life is cnitc-olly dopenoos on spo'ofi"-
file thicokne sa 'Il). As wellI as th ins, how evern irtffon.'st base t oaaks und add it Ives hasve alIso bee n
shown to lnfloenael fatl gxo Ion vs I nde pen den tlIy of PAPD fIIm tIn i cxn"a ( t>) Iti No specifit gouidelinos
hnave yet emerged. tinthe authon's experience that "usitti-wear"l typo lanrict, that fans protectice

cffpr eottn g I P1 in on surfaces tes-i ala'' to e xt.nd ftiguo" life. Kotrenre pressone additives. whtr]h
react onlIy in emrnstes and which a re terrosisot night no 'onsidered an far lens likely to inhibit
fatIgo. Ithsboes showsn tha t the f riettton or trastics properties of helicopter goon lubricants can
oany quito widely l(t, but this has not yet bees relaited to- fatlg-e perroesbcv.

A third way in whioh lubricantn say infloenso fattiga in by 'aartihing dissolved water. hery snaill
am a un ts If linn-.l o-t waiter, loss than atNhas" hos Imn ti, clame d"rat to rodsetisnni in fatitgue
life ro one a ynth-tc iaints 3u05 33 otorn and pialyigly-soin dissolve at least ten tines as
Mno wa"ter -as hiydrc-arb~osn oII nde'r nii l-ar -sesdtti-rtq. Ttere as an yet insaifficlent done to indititoe
whethe r t hin Ina Iloel, y to be inmpiortan' tn ; is-tI-o, t houg wojro1 i r hI'iOoodtrg .

, ino g,. ar pitting is 'so Of the nor" conem-n farns of damage In heliopter transmnissions it would
apea sprintingR that pitting testsi no- rarely form part of helicopter lubricant n9pocifieatisnn. hiss'

no'hien na ve hoes used nrcnfaLlIy to~ tr'at for tsp pitting performnce of helicopter lubricants at as
tnereedlate s ta" of -oi teveloirm-' ant! rn" res-tIts obtatnod (,orrelated well with helicopter gear bex
'"sins 51). fre ifl' te-" o f vtsea'to- artl filtration or; pitting using gear steels has alsgo hoer
inv.sttgato uslt ng Ia mt'"al -, '' 1 1.1 'hTi' sayrior ropeatihility ansI econasmy of soch dintmainn
testanmpr-' t' a 1 g.-' ir'n- 1i ge o" .ma"" teen nutitable in type apyroval tests fo r pittitng resit inr'
heicopter gear 'Ois .



I-'M. " t. r- f'! in o1,3i gned, i s the ai f s3attlel test1n,

T!%,~~~e lunn V1 i Oi -ating ailI spe i f iit as . Tr,c -n,
.gn r 1)iiI t W, C 4V et-i contain -anly asitngle rea t Ve I y

umoafli, {' r.9'1 'lfl or fretting ussstannt is r":put'ed a all

r 1 ,t y 1; 11i t y n t31 eancdIf-1T5tI ,' hi ubr i Oa n ts5,,n f -r td to )In l AtbIe 1, in . a

nmean iteo"" a 11 'ad IIt-

''a raaoI n . I i'' 2-ua y:3Ia f Ir Oa-n, no'rnl scuffing. patting and fretting
will he i innused ta r,1fn wl'-'',j, n-pt, eapaprtiat ec bn ne'su-ann.

Snuffing Perfurn
fhe snuffing pFrf0  ,r- )f'* -%- g-', I Ant-ants, Iak- other gear alls, in controlled ny the

i inljsi a n of a ddition. 4nior o w- o , nulted ateel nurfa-on Witnoan in reactiota, neioiip
loaded! gearsq with sgnfi a-rt n al "g w- 1" cof ry rafiily.

Two anti-n?,r a'>1'l- - 'aM.,ony daf",ni,'d entree.? pressure" and "aniti-ear" additions
and notn are t0nO AC-'nl nI 5t )11 c-at-ny as'

0
! in helicopter traansmissions. The distinction in

somnewhat anna tr any ind huf ,"t A" atdi speaviralg extreme pressure alda Aloes react. ny checking the
deoelopmente f iniintcfiag whrecas anti-wean additises prevent scuffing frm arising at oil .

Extremne pr-3ua. I a a.iv- ir a""- -_,, " react Very qui ckly wi th the tort and enessi neiy not metral
surfaces yrnduoedl w""n s-'ajffire t"girn Thn resuiltant reaicted laIyer in ni gnifinantl1y abraded nut,
being weak, fric'tion is vowvarc I nd the yrosvs Of scoffing in cnecved at the enpense of heavy we-ar .

This 'type of scaf'ing nesistan,, 13 is "ctly measured in a-huhl tents, which raP a Seriesnof met al
saanples together At Iaat''v lad for short periads. to find toe maximum load nurvi voble
wathout welding. Thosen '-liopter giear lianricants which Tenonv fnrom automaotive or industrial gean oils
normally contain extemae pnvssure additions.

Aniti-wear additives, sy -ontrast, are designed to Pailid up a protective low fniction film on
rabbing surfaces unden nonmai running conditions. hecause these fiins ore not hign iron content
corrosion pnoducts they do not resait in significant ions of sliding mateniai - hence anti-wean,
Although such steady film formutian at no(rmal operating tentperatirvs in traditionally samed "anti-an"
it can also Pe very effectiae in raising the snuffing load of a gear systen. It has heen known for
somnetine that quite thicK chemical films grow on ru 0ned surfaces (0),() (h) sabret worn suggests
that these may An none sobstaint ial and protective than previously recognised (9), . Helicopter
lubricants derived from gas tarnhine oilIs tend to0 contain anti-wean additives, Eatreme pressano
additions wouldI destahilIineo tne luet rit and caus e e 3neasio corrosion at tne high tenperutanen
prevelant in an engine,

dear luhnic'antn are normally developed using a conhbinution of simple, standardised scoffing tents

such as the 0-hall or Tinnen test, for screening wary, followed Pp gear rig tents sucn as the IpF, ETSG
or h~yden at later stages, of dne~tet It makes some sense to) develop a helicopter lubricant for

good oIffing po'fornarcn in ten, first catleo, even if pitting in a clommoner mode of failure in
pr Ic Tn- in o 6 trah~t helicafter transmassions often operate close to their scuffing linit.

Al 0ffing o,' r-ji-ly And easa ly anrid Jut in soreening work, whereon pitting tests arc'

"CT -- '- , ani'W,- 1 9g sea tt-or. It in also the author's expenience that a lubricant with good
rtincsff pCrfornatc' in g" ins tnnilo I .' gad tontat t fatigue praperties a1).

A p" l,-, it, 'Its t a ra gh at'na'pli-l to tojicpten o ils is that mo)st such tests

4"r"" , "nn"' - r-- -,c, as ann-a-h o f asitomotis'' aypia I gears and thin tend to)

.n"h 'X-"''-icp,31,'.y, ye' tiffog pro'nt 'on -a lanni ahove.

"CCIn" -'t''"nIn -i'. thi ho" in t'e au' norn coi )ion, tendes to lead tO

wa Ch -'a'em.'-t-airi'tai I.,. Ito' atlaty to survive te

i--il en, appai11* 1ccf' a hig :-i On, Jx peo,,-, f r,,ooe" fr m it-iploot nuffng,

T 1It Cy''!ikll ,L m tria--n-as 'ow ofl-Cag t, arque conditions cf
I tao' ttj ,,n a-' r I. yOa I- '-1 ma; en -tao g i an -d hi> nogimne of

jo"' Il f' n,- 'n'a" - nyt - ir- noff-;nco-ntlIng, aint i- wear

r 'n it'r''i Jia i n lod i h ,, 1ta1"i ct,, w' - a "t 11 T' 11-n Ac

7- U '- '''t "'as t afa 14) ta
irwin- an-r Ine o 1 CII gears for wni -n'It, I ;t')i 1

won pI cane It af rs. t na tn'r- fe- ,a'It f iv ani I- w ear On
f f- r"an' v rim a" "'tt V.saiu A" 1,1w tnntpvnatar" A'.al 1, ptan ao-ral nxltr',n

P"-a rc"' Ina'h n,'o .-c -y high91 anf-a"' tenlanat ,-n'-a" If a a"' siffring starts

a'a''"''lla1n.a' tt-'.a1.a d"'!np.1r-n'n rn I fi'lia jg n -') the relirementi

-d r,~t a> -v,- 'p te isin ffin limi ts d lof then "7t '. to stayV at a



4, 1 f view, a requirement, common to lrcraft Inl n . -' ,, s " ,

,In' , IO no. .'ffent iw over a aioe range of extornl tcmper, t 0T3, .

0 fPr,1 'or~, ric~t fcsn imp)sed for logistic convenience is that the oil he homm , ' , ' r *

I, t's.s f i.11s1 - . Military operators prefer a common oil, -nd, wrhern p, ossI.-, this rta.,,n

tirng sr,,trInts -t-lined bove are, to a great extent, contra Itory n t, 1:3 1'
no 1. lsr icant.

g n Id low speed edos 'f the transmissi n impose rather 1ifferent requi rents. A 'ignp
tr si s3! it! e to cope with a wide temperature range suggests a low Po' pOInt n : V[ ld . 1
molerit-!y Iow viscn)sity at oofC to reduce churning losses and to ensure provision of IrI ibri -ttin
where reqaired. However low speeds, high tooth stresses indicate a viscous oil, capale )f geer-ating
an EHL fim between gear teth even at low speeOds. Such an oil will also provide a egre of vibration
lamping. For the transmission generally, a high degree of chemical activity is implied, to providot
required 'oundary lubrication involved In a low specific film thickness, heavily loaded, high slidih

system with probable misalignment.

Far more contradictory than tne demands of the different parts of tine transmission systm ,owever,
is the clash between gas turbine engine and transmission requirements. Gas turbine oils are
necessarily low viscosity, very chemically stahle products, able to cope with the extremely high

temperatures in the engine without Coking or other degradation. Their intrinsic boundary ls;lricaticn
needs are small which is just as well since the addition of active anti-wear and extreme pressro
additives generally tend to limit high temperature stability. By contrast low speed, heavily loaden

transmiusions need both high viscosity and reactive additivos to cope with the mixed EHD-boundsry

lubrication conditions involved.

The features of an oil which will meet the requirement. for a transmission system as outlined sbove
will be discussed later, but it should be noted that the o.s listed in Table 1, and currently used to

lubricate helicopters, are not ideal. The mineral oils do not meet the required low temperature
characteristics, 8cS at 1000C implying a minimum operating temperature of -30o," and 17.5cS a minimum
temperature of -15

0
C. in the case of the heavier oil this means, in practice, change to a lighter oil

for cold conditions which is a most undesirable feature. Also the additive packages used in
conventional gear-box lubricants do not provide continuous protection over the intermediate 80° to

90°C bulk oil temperature range often found in helicopter transmissions (3).

The esters have low viscosities and tend to give low EHD film thicknesses. This is compensated for,
to some extent, by anti-wear additives and one or two commercial products are quite effective (3).

Unfortunately those products which give the best transmission performance tend to give the most

problems in engines, due to the trade-off between chemical reactivity and stability.

It should be clear from the above that the helicopter lubricants currently used do not match the
specific requirements of helicopter transmissions. Clearly they work, or helicopters would not fly,

but the inadequacies of existing helicopter lubricants is illustrated by generally low TAO's (3), with

life limited usually by either bearing failure or gear pitting. Micropitting is frequently found st
overhaul and, less frequently, scuffing. Further evidence that current helicopter lubricants are
operating near their limits is their tendency to scuff when other transmission problems arise. These

inadequacies, in the author's view, reflect the use of oils developed for other purposes, which have

not been designed to the particular needs of helicopter transmissions.

As well as low TBO's and extensive replacement at overhaul, a secondary effect of using indifferent
lubricants Is the barrier It puts on new transmission design. There is a natural reluctance to design
for higher stresses or gearbox temperatures when it is recognised that current lubricants are already

close to the limits of their performance.

It is the author's opinion that substantial improvements in helicopter transmission lubricants can
he made, but only if

(i) The necessity for a common engine, transmission oil is discarded
(il) Lubricants are designed specifically for helicopter transmissior systems rather than merely

being modified from existing lubricants.

The requirement of a common oil is not actually widely otseured, but is Ingrained deep In UK and,
particularly US military thought. One reason for thin is the apparant success of the common
engine/transmisslon oil, MIL-L-210C in military vehicles. It is the otetion of the author that gas

tumrbne and helicopter requirements are so different that the ln~vlta.li w,iknesses of a common oil

citweigh the idvantages of commonality.

Tfn 1dvntages or a separate, specially design d helicopter trnsmissLon iuh'i-amt wer, firs!

r ,hognsed in the UK some twelve years ago and, with the support of th Minisre of Defence, have lad
t) the development of an experimental helicopter transmission lubricant ("). Some f the thinking and
method involved in this development will be discussed later in this paper. digmificantly, during the
last 18 months a similar development program has been Initiated in the 1S.

it is unsupr islng that such initiatioes have come from the Gervi ms and fr-sm nellc'pter
manufacturers rather than from lubricant suppliers. The small quantities of oil involved coupled with

the very high costs of lubricant validation in helicopters make, the development work involved

inappetislng for the major oil companies.
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SUMMARY

This paper outlines the problems associated with the lubrication of helicopter transmissions. It
then discusses how helicopter lubricants are likely to change over the next decade.

For many years, helicopter transmission reliability has suffered both in the UK and tsr USA Irom
the requirement that tne oil be common to both the transmission and toe gas turbine. In pr;tic,
certainly in the UK, most helicopters do not, in fact, use a common oil. The UK helicopter industry is

In sympathy with the logistic advantages of minimizing the nmber of oils stocked but feels that this
could be more successfully achieved by adopting a single transmission oil for all NATO helicopters. It
now appears that this is now being considered as a practical alternative on both sides of the Atlantic.

In the UK. the MOD has funded tie successful development Of a helicopter transmission oil in
anticipation of such a move. The USA after lany years of being antagonistic towards separate gearbox
and engine lubricants is about to embark on a rehnant oil development program.

Another likely change over the next few years is the nove towards a higher temperature transmission
oil, as the amount of external cooling is progresslvely removed. The British helicopter industry,
supported by the MOD is actively engaged in developing new oils to meet this requirement,

INTRODUCTION

The last 30 years has seen toe use of a wide variety of helicopter transmission lubricants. The
earliest types of helicopter in this period were powered with piston engines and thus generally
employed a mineral oil-based piston engine oil in their transmission systems (1).

The Introduction of gas turbines in the late 1950's led to a considerable degree of divergence.
Some helicopters adopted a common gas turbine engine, transmission oil. They thus used mineral oil, and
later, synthetic type I ester-based gas turbine oils in both engine and transmission. Others continued
to employ mineral oil-based gear lubricants but, with the piston engine compatablilty lifted, were ble

to choose from a wider viscosity range.

Problems of oil loss in combat conditions in the late 1960's led to the development of greases for

consideration as transmission lubricants in small, non-circulating gear boxes (2). These greases did
not, however, become at all widely used. In the 1960's high performance gas turbines were introduced,
the operating temperatures of which required the use of 5cS hindered ester gas turbine oils. In some
helicopters these lubricants were made common to both engine and transMission systems. Recently FcS

gas turbine oils nave been used by French operators in a few gearboxes (3).

There is thus now in enormous diversity of helicopter lubricants ir: use. Table I shows the
lubricants urrently employed in the transmioslons of just one UK based helicopter -anufactarer (,).

A feature of All the oils listed in Table 1, and similar lists compiled hy other authors ( ), I,
that none hiso been specifically developed with a helicopter transc ion In mind. As shown in Table 1,

all were designed initially for a different role and were later adpteld il helicopter tr-nsmioslons
with, at the mnt, minor modifications. There are, broadly, two types, conientlonal mineril oil-h lod
gear lubricants and ester-based gas turbine oils.

This paper examines the problems amociated with hellopter transmi-soo I ubri eanta ini rl it's
these problems to the rather ad-hoc way in which helicopter transimission iubrlcantO have derive. It
suggests hnw the situation is changing and Imoks forward t specifially designed acs ijre ed

helicopter lubricants.

REQUIREMENT:! OF HELICOPTER TRANSMISSION LUBRICANTS

Helicopter transmissions provide particularly exacting tondiltin 0 t 0 '- . it - ri it It
concerned. omer-all wei git control in helIcopters is stringnt , whi :t me inn, fi - I :, t ,cs' ! t -- 1it It

power/mass ratios are high while, secondly, the structur, i wI , inin, t nisei- I ii

quite flexible. [oral sed tooth stresses are thus severe, vai ,i1 , iil A ' - ,0. t

degree of mlsalignm'nt Is inevitable.

Another feature of helicopter transmissions is that the t ,' t
approaching 100 to 1. Typic-l crnJuctions are fron S 0Sorpm t' -. .... -; a .
reduction is In tne engine. Such a wide rang, of spei ,n-li ho t t. ' W 1 1-
than -ne lubricmnt. but this is not general I y a lrx't i 2tl, t i t .i : , I ''
gears in some hel icopters has led to continu- 1 high Ai dl ie.g 1;i- i
gear-box te peratures are 70 1- '10-, but reach n wrr O IT ,'



A insonorisation egale, la prise en compte de lobjectif de r~ducuion du bruit d&s la (on( eption de la BTPt
a perinis, sans aucun doute, de rendre )a gi-ne auditive des passagers mnois grande sur Ins hnii opteres de
nouvelle generation. Le r

6
sultat suiv~ant en temoigne :dans la vabine de lfcureufll tailblnrnnt inonorisno, le

,ivoau de bruit est de 79 dB SIlL en no! de comsiere et de 73 dR SIL en vol %tationriaire.

5. CONCLUSION

AU i-ouirs des din dernieres ann~es, la conception des systeines de transmission a connu une evolution favorable
se tradisant sur la nouvelle farnille d'h~licopteres que VAerospatiale a mis en service, par une plus grande sniiiritc.
uric fiabflitS aCCruje et une am-6lioration du contort. Les r~sultats des travaux actuels de recherchse laissent
de13 presager que d'autres progri~s interviendront dans ces dornaines.

DISCUSSION

J.Godston, US
You metntioned that synthetic oils are used in your transmission systems. Why'!

Is the oil (lubricattion system) separate front the motor and from the engine'!

What will he the future for synthetic oils if, in fact the systems are separated'?

Author's Reply
I Why do we utilize syntthetic tils in the transmission systen?

T-he synthetic oils are utilized because they are available everywhere in the world. fin addition. they have the
qualities required in turbine oils (stable. with unstable temperattures from -401'C to + 50T'). But, they alsio fhasc
their defects: their weak load capacity in gear mesh and rolling element applications. Friom this pioit of %ic".
interal oils with atdditives arc much better for transmission boxes.

It will be desirable for the future to develop at synthetic otil which combines tbe qualities iif good stability attd good
load capacity.

2. Are separate lubrication systems used for the transmission boxes and the mitir.'
Yes, for reasotns iif security attd accessiblityN.



ASSEMBLAGES SOUOES
PAR BOMBARDEMENT
ELECTRONIQUE

FIGURE 12 B.TA'. SUPER-PUMA

La figure 12 est oin exemple signilicatil de recherche de reduc tion du noscbre d'assemblages indICurs par bouilons
et pions de cisaillement, appliquer a la BTP Super-Puma. Par rapport a la I3TP Puima d'arc hitecture similaire,
3 liaisons ant etc supprimees grace Zi lutilisation de La soudure par laisceausX dri1er trans. Ce procedc1 est4mainteniant bin mnattris6 et permet des soudures dant lepaisseur peat atteindre 10 Tiin' dans des zones chargees.

ametlioration incontestable de )a fiabilit6 en seruie.

En ce qui cancerne les engrenages et les roulemnests, ceur liabclic6 prcv iscor nelle a 
6

te acrc~lcorce d6s [a
conception, par oine baisse volontaire des charges. et par l'emploc de 'aim M130 VPlt VAR pour certains
roulements, et de l'acier nitrur 32 CflV I3 plus, pour c ertaiss engrenages.

Csa' cers apportent use acignienitation iciclcortaccte de' ltclice (iv 'c wS Ii., ci cocclIcct'cts Oa lecir en c igceir
.cI AS :3). et dre Ia cc'',cstacce acsusuie st~iT caleis de,' clc'ctccrc Ip~ -ri' 1cc , cli' Il, Tai ..... is.lHec
-ccnlitcrre de 21) %). Lat c orccbcsaisoc de IA reittr des'tccrg-'sit cli' 'cc ploc dc cti'rlccc Tb' cerlorccants
, vcte Ia perte de ccse

4.3. Bruit

Depuis plus de I0 ass tine cncportance T roissaite est at ,crdee ala redil ion LILL bricit )terne LI est geti~rc
en partie par Ia STI' dant certains engrenemects produisest des races assVi pets ciltrces SOO a 300f 31, dlaics
leur chemninement lusqua Ia cabine, lorsqu'iI s' a pa' d'insanorcsatctcn additionniele..

Les caracteristiques des etcgrirencests et plus partic idierececct de d-.cotcc ...... ...-c tciqtuci's dv, I1
Ecuireouil Dauphin et Sa~per-PLaitca, ant etc bahosics de' it' scri ti es ralports di ec irec cc-iTtv so cu

Iargencent silpercecirs a~ 2. Nacis acans aunsi obtncij cin(' rc'dc tioct stc'ble des c'ccirgt'itc Cs iicc'. 'ar actli'tcr
an resuiltat lasarable a ete atteint re, eicctet stio r l'atpcucc gr6c e a ai isc% tic -crc ( Ltcc irec detcire de' tiawi
epvicoldal doci Ile rappccrt dei' cciiiccte est stuperictr a 2.



FIGURE 10 -COMPARAISON D)ES CHAINES CINEMATIQUES ECUREIJIL ET ALOUIETTE
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I I corn porte notaionnt 2 ponipen, Po tne aInmentanit lerirc ui t do ref roidissement, I'atre al in ente un Iin ,I
res tant a linterietir de Ia IBlE et put reloint iret-ternetit le filtre d'entree RPE sans passer ear tin 6( hatig(eur
de ref roidissenent.

En fenictionnement normal la pompe de secours nairvente pan le c ircuit de graissage. du fait d'un (lapel
anti-retour install6 dans le filtre et de Ia sup~riorite de la pression deliree par In circuit principal. de lautre
rote de ce clapet.

Le niveau daspiration de 'huile dans Ie fond de boite est plus bas pour la porupe de secours pun pour Ia poinpe
principale.

fin nynn~me d'obturation commande par la pression de sortie de la ponipe print ipale est rnintel a 1'entree de
Ia pompe de secours, et ounre Vaspiration de "-le-ri en Gas de baise de prenSiun sur le circuit principal.

Ce double circuit counre, dv par sa conception en sen moyvus de surveillance IVoir figure 91, len i-as de pannen
suinants

-panne de purnpe principale on secours

-fuite d'huile sur le circuit enterivur de refroidissenent

-fuite d'huile lente aun joints dynamipues de la I3TI.

Dans tous len cans, nauf [a panne de porvipe de Se(iours. on perd Ie ref roidisnnent par et hangeur.
Nus avons demrontr6 sun oin buec aver roitors qUe (ette perte nv relict pan en i ainse le bon lonc tiunnenrent
de Ia boite pendant 5 heuren an moms. rralgre Ia temperature annez elesee atteMInt par I'huile (200 a 250'('.
Par ailleurs, if se troune poe pendant ret esnai de simulation, one fuilte d'huile ann joint dsnaniqie d'une
entree grande nitesse n'est prodtite, entrainant uine I hute progressive de Ia prennion IBlE. du tait de lI Porte
d'huile. Ceci n'a pan roniprontis le fonictionnerrient et a rendii esat eni ore plus d6rrionstratif de la roteraIn
dn nynt~nie dv lubrificatiun ann diners can de pannen.

Un r~sultat tout aunsi favorable a et6 obtentj Sur oin ielit optere Daulphin attac he an nol.

11 ent clair poe ren doutes circuits de lubrificattun apportent tin avantase inopontant par rapport ann 1511
dl'helicopteres de lancienne g~n6ration dunt len c irinits sunt unipues. Neunnioinn, Ie tan do paiori le pins cvt
de perte totale d'huile nest pan convert.

Noun noun sormen souci6n de cette panne dos Ia conc eption den differenten STE err uilinunt nolt-Porent pu
Ia fabrication den engrenages ot rulerrients len plus i r itipuns. den at tern iI a et r e t teroit.ipirs loort Ic"
carac t~ristiquen m6caniques sunt connern6en pour den temnperatures eleveen

- rjy'C pour les engrenuges nitrures en acier 32 CDVI13

-400'C pour len roulements en acier rapide M350 VI~l VAR.

Cnn matenians ont apporte one amelioration sensible : len esnain de sinrulatton dv perte d'ltile unt donne
d'eucellents5 r6stoltatn, le ineilleur ayant 6tF ohtenu nur PIP Li urenil bi-irtoteur : vlle a fotictionne c orrectlelent
pendant 2 henrys sans huile.

Dans cc cas entrene conme Pour len antres defaillancen 5noqn
6
vs precedemment, on pent nienurer lv progres

significatil acrumpli.

Len elements determinant en grande partie Ia fiabilit6 d'ane STP sent : len ru~ements, len engrenages.
len liaisons par cannelures on boulonnen et len joints de6tancheite dynamipue. 'Morn poe, pour ces derniern,
on pent generalennent tulerer oine perfoninani mediocre car l'

5
change de join ent tamsable sans depose de JI

de~pose prentatoree do Ia BP1.

Lors de Ia conception den fATP dv Ia nounelle generation, noun anons conniderablenent lavorise lobjectif dv
fiabilit6 en recherchant Ia nirnplicite par Ia r~duv lion do nurnbre d'ennenbles mecanipoen, de roolt-,ents.
d'engrenagen et de liatnon., et en adoptant den niat~riaon et traitements pins perlurmants pour len engretragen
et len roolements.

Ladrchitecture do systemic de transmnisnion de l'Einreutl AiS3O (figure I0' et Ia BP nont 2 exeniples illtstrant
notre recherche de simplicite. On tote en comparaison aver I'iAlouette pity dans [a ihaine cineriatipyie ELitrenil
if n'y a pan d'enbrayage. mi arbre de transmission arriiere it vardan, ni ouple tonipue dv rennot anriere dans
Ia PIP.

Le' nrntre tde pier en niajeoren et annerrbla4t s ent 2.', li plin ,li, Ia- tin( un' P5 I , tiretitl.n vriiorjtriittr
'Ilet Ia birite rAlotiette IVuir figure I 1).
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4. LES PROGRES REALISES PAR RAPPORT A LA GENE-RATION PRECEDENTE DHELICOPTERES

4.1. Siurati.

Nous sa,,ons tous quo la toruction rom~pllno par Los s% stettios do trarisi isso et %i tale a di~s mdegros et
inipliquo quo los miargos de set urito smient parfaitortont ria'Itriseos, en to qui (on Orrie, los etigrortages it
los arbros do transsto .io

Dans ec bitt toutes los buttes decrittes prei-ederr mont on! e soitriuse a dets i-S01 i ti t gun stir bart-
do rnu eo n charge, a tin ft soau do pissaime e~dl d' 1,4 fois aj puIISsant( e -.iXI tf U1on bi r-ioteur
et nionomnotour, pour uno dureo (orospondant a 2 mogaiseloes stir le pigiron IC plus lent.

Los arbros do puissance ot los porto-satellitos dos trains opti( cloidaUu out it'V- ntt' to smUts a dc, -,"at

do fatiguo vibratoiro et/ou trniporairo, just ifiant des niarges doe set unito do 2 par raiptirt a lo Ihtrrte do-
fatiguo moyonno.

11 ost tout atissi notoiro pour des spec ial isles quo Ia COiCUrIto oSt in iSe en ( aUSC asso rapit-i rr t m)ar la
deailianco du synt~ru do lubrifcation do la IM'.

La figure 9 montro lo doubloe ( reu it do lubrii I tt tr do la hST P ittper - l'itte. I n s5 Oi soi,- b, a etc
dosolopp6 pour la ISTP Dauphin.

Fonctionnmqt dhu Circuit de lubuifturtion

in OTP)

AQ~ 'I!R -DOBECRT fl2LI3RFCTO

Aiiu~~et 7~4 CS P R P M



Le% figures 7 et 8 ii lustront Ic-s stTne de trarisniission du Super-l'ura AS\. 332 er P arctii torture inierno do, l~a BTI'

On roiliarque quo los no tourstint dos ant la FAT! et entraircont direkement Ia boi to I a cit os deo rotation do la
turbine l boo 2284ri tin ,n.

Apres le premtier etage cc lindriquo helicoldal "haute vitesse'. soot placees los roues libres, puis le6tago cy lindrique
heltcoidal d'addition des 2 iouples tuotolurs.

On trouve onsuite dans la i haino conmmunec, un c ouple spiro-conique Gleason et 2 rtages epicyc loidaux a c ouronne

Le porte-satellites dui2 rne otage entralne ladrbre rotor principal.

On rote aussi 2 ponipes do lubrification an fond do Ia boite qui fait office de reservoir d'hncle.

Deux tables atcssoires droite ct gauche sont plac~es a larrieeot assurent lentrainettent des pompes hvdrauliquos,
alternateurs et ventilateur do refroidissernont d'huile IqTP.

Cette boite pout 6tre 6quipee sur Ia chaine gaucho d'un syst~me original do decrabotago trodifiant la font-tion
rouke libre et autorisant ainsi la rotation do moteur et des accessoire-s gauchos sans ontrainoniont des rotors.

La rue d'addition des couples moteurs entralkne diroctement iarbre horizontal do transmiission arrie.,
line boite de transmission intermctdiaire ei one BTA assurent ensuite les ctcattgenionts do Ia dire(ction et de Ia
vitesse do rotation, necessairos a l'entrainement do rotor arrioro.

L'arbre do transmission arriore est Co11tist0u do 8 tronr;ons (7 horizontaus Ct I oblique) s6pares entro cnn par des
accouplements flexibles type 'flector'

Le syst~me do liaison entre la boito et los moreurs ost concu suivant le nigmo princ ipo quo ( oos do Dauphin et
do lEcurenil (tube anticouple articu16), lei accouplenionts fleXibles, situos a Ia sortie ciotour et a'entree FTP
sent a diaphragmes.

3. RECAPITULATIF DES CR TRSIQE RNPAEDES TRANSMISSIONS

HLCPEE MASSE Puma .rce Vitesses ttmn Rapport de Nombre MAS
MAI Maxi a Entine BTP - rZ-duction d'k~ages de AS

HELICOPTER MAI ertre STP Roo oor moteur/rotor reductico I3TP

KG KV Crc rr~ principal BTP KG

6000

ECUREUIL 1900 395 38 1,) 2 68
AS.350 38 2043
MONOMOTEUR

ECLIREUIL 61
AS.355 2400 480 -1, 0

BI-MOTEILFR 394 2088

DAUPHIN 60
AS 365N 4000 920-0. ....... 40 1, 9

SUPER-PUMA224

AS.3 32 8600 2250 9, 3
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FIGURE 7 - CHAINE CINEMATIQUE SUPER-PUMA
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ne representation ditlle e 1 a<haine , itcenatiqtir de la [TI' exl donnee p)ar [a ligure 5. La Lot n,porte
tni cllint dcs-iolutirs %ern la sortie au rotor principal, 2 rouICS libres (tepere ? et 16). Clout lt ;prri rtpe de fo ion ri -ot
,ppara it dans lests hcuds de drot te, 2 etages spLiro-COn qUes, la roue do u ie real tsart I addition den ouit
de tIntirx I n train epic niloidal (repi're 2) assure Iec ottipleutiert de redtittior de citesa vi ontit ti lg,
die sortie ;l'arbre rotor prinm pal est entratt dire( ternent par le porte-atellite doi train epic 5' idtal a i ,,,r ....te
I,- par I'miterutiediaire de iratneles.

fIn des50ous dii plan dMini par les axes des 2 entrees (rep~res 4 et 1) se troase on couple spiro-cottique titipli, tecir

I'arbre de moeI tonque principafe d'addition.

On totera egalement Ins dinerses prises de ticiooentent accessoires :A Vavant. les prines de pottipes hsdraiuliqoe
lrep~res 6 et 15), d'alternateurs (rep~tres 14 et 7), de ventilateur de refroidisseriett d'huile boite et ttiot-tijrn et
do disque de [rein rotor (rep~rcs 13 et 12) :daos ]a partie nf ~rieore, en lateral, fentraineuent ries ptontpes de
Itibrific atioti (rep~rcs 9 et I1) ;ners Vavant, One prise pour generatrice tdchrtnetrique.

I tie coupe [torizontale de la EllA apparait nor Ia figure 6 et ilcistre son environnernent et sa -onreptiont sprr ittiqt
ao rotor carene6 fenestron.

On retnarque plus partccuhcrermnent larbre rotor tins court et 'ensemnble plateau de (rcnmactde d'int idetri e
associe aun tiges de commande toornante et fine. contenoes dans larbre rotor.

Ir

,

FIGU RE_6 -BTA ET MOYEU ROTOR A-RRIE-RE DlAUPHIN



Pauphin bi-moteur AS.365N

La figure 4 niontre lI'ri hitei lure dii s,,terre do transmission.

On distingue les elements pray ipaux sunsants

Sitaison uioteiir-PTP (ropi'ro 1) aver tube artKi LlO an ti- ouplo, do rn ,re prn tic quo sur Eciurex ii
l a [ITP Imepere 2)

- larbre do transmission arriero (repere 4). do conception sorsino de cello do Ilcelnopiero A'i.351
l a BTA Irepere 51 assure l'entrainenient du rotor arriere (arenc
leI groupo dle refroidissenent diririlo niotour et lITP, '. asant (repere 3).

5 4

1 2 3

FIGURE 4 -SYSTEME DL TRANSMISSION DAUPHIN

PRINCIPE DES ROUIES LIBRES

15 16 350 /n 1
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the lack of systematic helicopter transmission oil development by the major oil companies is the low

voiue of lubricant required. By the same token however, even if better oils were to cost

significantly more, this would be negligible compared to replacement and overhaul costs.

A second motive for seeking significantly Improved lubricants stems from likely design changes In

the next generation of helicopters. It is probable tnat this generation will have significantly hotter

bulk oil temperatures, around 130
0
C (3). This will require reasonable stable :synthetics with powerful

anti-wear performance over the whole temperature range, up to 1600C. A program has been recently

established in the UK to develop such a lubricant.

When helicopters and lubricant designers start to work closely together, and the lubricant is seen
as an integral component in the design, then the possibilities are enormous. A long term posslblllty

is the removal of external cooling entirely from helicopter transmissions, to be partially replaced by

1,,iproved cooling through the gearbox housing. This would result in probable bulk oil temperatures of

200Oc. Such a gearbox Is clearly some yearo away but, with specially designed lubricants, it in

conceivable.
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YEAR HELI-OPTER OIL TYPE OIL SPEC. VISC cSt

INTRODUCED at 100
0
C

58 Whirlwind Mineral D.ENG.RD.2479/1 9.1 Very early -jineral g3 turbine

59 Wessex Ester D.ENG.RD.2487 7.7 Gas turbine oli (Type 1)

62 Scout Mineral DTD 900/14981 17.5 Illed back axle oil

64 Sea King Ester MIL-L-23699B 5.25 Gas turbine oll (Type 2)

67 Gazelle Mineral DTD 581C 8.2 Aircraft oil

67 Puma Mineral DTD 581C 8.2 Aircraft oil

67 Lynx Mineral DTD 900/4981 17.5 Modified txac 3x1e oil

80 W.30 Mineral DTD 900/4981 17.5 Modified bacu axle oil

Toble I Typical Main Gearbox Lubricants in ?urrent Jn,
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Have vou evaluated the effects of different lubri-ants on perforwmance and irteol sie icopicr 0 nin ss1-il Ii clll,

Author's Reply
In developing a lubricant for helicopter transmission, as mentioned in my paper. the frst and in-i leietfiag ,II,
design an integrated series of tests of lubricant performance, ranging froim simlple screeline les! t NI 1, , t Iii eti
gearbox tests. The requirement was that these tests correlated w ith each other in thantihes ease hI lot: m 1,, ,.in
response to scuffing, pitting. etc. tin the whole range of tests.
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foamn inhibitors. Thu, far, the main candidate oil hats had tiatix hundredLs of hours esaluatitoi spiral hes el tail ilo
gearboxcs. It hats als, hcben rn for 2 50 ifir irsa 40". overlo ad tiit helicopter main box.

No~ specific inosigat i ns (of effictencN has% c beetn itiade. Input and Output torques tit gearbox tests ha% e been itteasaicd
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SPECIAL POWER TRAIN REQUIREMENTS FOR THE NEXT
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P.O. Box 16858

Philadelphia, Pennsylvania 19142

ABSTRACT

The omnipresent rotary-wing drive system requirements for minimum weight with maximum reliability will
be compounded in the future by additional restrictions on size, damage tolerance, cost, and ease of
assembly and maintenance. The authors present their view of the form of these restrictions and provide
some broad insight into possible approaches designed to improve the performance of rotary-wing drive
systems. We also provide specific examples of extensions of current technology and some speculation about
potential applications.

INTRODUCTION

Many advances ir technology across a broad interdisciplinary front will be required over the vent
decade if the design of rotary-wing power train systems is to keep pace with improvements in place or with
those anticipated for future aircraft. New concepts such as the tiltwing or tiltrotor require even more
basic changes in both design philosophy and techniques. In this paper we present our view of some of these
primary areas of power train system development.

A summary of several current applications of advanced-technology concepts is presented in Reference 1.
Future de'velopments will be the logical next-step advance in each of these areas.

GEARING

Materials and Processing

The development of high hot hardness materials, such as VASCO X2M, has permitted substantial improve-
ments in both durability and scoring capacity. The next step in this area will be an improvement in the
case hardening process used for such parts. Vacuum carburizing, for example, has been used recently for
some commercial applications. Research is now under way (Reference 2) to evaluate the use of high-
temperature vacuum-carburizing techniques with an integral quench sequence to reduce both the cost and time
required to produce aircraft-quality gears while improving their load capacity. The reduction in cycle
time (and thus energy usage and total cost) for a typical gear is substantial, Figure 1. Additionally, the
preoxidizing step crrently required for VASCO would be eliminated.

Conventional Heat High Temperature Vacuum Carburize
Treatment Cycle - VASCO X2 Heat Treat Cycle - VASCO X2

1 REQUIREMENTS
PREOXIDIZE HARDEN

'CARBURIZE ECD = 0.050 I.

1,800 CARBURIZE HARDENfl 1,800 SURFACE R/C = 60 - 64
KA CORE R/C= 34 - 4

SURFACE CARBON = 0.5 - 0.9%
S1,400 STRESS I 1400. SRSRELIEV RELIEVE

DOUBLETEMPER DOUBLETEMPER

200 V QUENCH MINIMUMA I a 20 & TIME SAVING
-0[ ] 200 MINUTES

DEEP FREEZE- -2E

TIME TIME -- s.

Figure 1. Typical Conventional and High-Temperature
Vacuum-Carburizing Cycle.

Analytical Techniques

The application of three-dimensional finite-clement methods (FEM) to the analysis of complex spur,
helical, and spiral bevel years has progressed rapidly in the last few years. Pre- and postprocessing
programs have been developed (Reference 3) which permit the rapid and accurate preparation of FEM models
such as that shown in Figure 2. The next step in this effort will be the linking toge her of fully
generated models of mating gear sets so that their interactions, particularly load distribution among the
teeth in contact and along the instant lines of contact, can be studied. The concept of load distribution



has received limited study with simple models, but more advanced study with large, complex models has been
restricted by computer size and speed limits. The new supercomputers (such as the Cray) have the potential
of removing these limits.

SUN GEAR BEVEL GEAR

1 h/

ACCESSORY DRIVE GEAR

Figure 2. FEM Model of Typical Complex Bevel Gear

Integrated Design

The problems associated with assembling gears to their shafts with keys, splines, or bolted-flange
arrangements have prompted the use of EB (electron beam) welding to po'ovide an integral shaft and qear
configuration in some applications. The design of the CH-47D (Reference 4) and CH-46E transmissions
carries this concept even further by usin advanced computer analysis and graphic techriques to permit
simultaneous optimization of gear and shaft geometry while also considering the gear cutting and grinding
tooling requirements. This results in integral gear and shaft configurations of a complex nature with no
welding required. The resultant marts are, as Figure 3 and Table I show, lighter and more reliable.
Although some simple cylindrical L iring races are included in these integration efforts, the maximum
benefit will be obtained by truly integrating the entire gear-shaft-bearing system (Reference 5) (Figure
4). This is the next logical level of integration and will yield further improvements in weight, overall
size, and, especially, reliability.

IRV 
ARINf, IN- 4 R A(

1i OQWA 0RO T It /€wQ

Figure 3. Representative Integral Spiral Bevel Gears for the
CH-47D Helicopter



TABLE I. RELATIVE WEIGHTS OF CH-47C BOLTED-FLANGE
AND CH-47D INTEGRAL BEVEL GEARS

CH 47C CH-47D
(6,000 hp System) (l10,000.hp System) Percent

Transmission (hp/Ib) (hp/Ib) Improvement

Forward 89 102 15

Aft 96 105 10

Mix 123 147 20

Engine 175 209 20

A. Typical Nonintegrated Design

NUMBER OF PARTS - 13
TOTAL WEIGHT - 21.7 LB -

3.0 IN. SHORTER

NUMBER OF PARTS - 7
- ~ TOTAL WEIGHT -14.8 LB

B. Fully Integrated Gear/Shaft/Bearing Design

Figure 4. Comparison of Typical Nonintegrated and Fully Integrated Designs

Tooth Form

Many different tooth forms, varying from involute-based, high-profile-contact-ratio spur gears to
completely noninvolute concepts such as the conformal gear (used on the Westland Lynx) and the maximum
conjugative concept (being evaluated for low-noise automotive applications), have been evaluated for
aircraft applications. Unfortunately, these approaches have taken the form of a solution looking for a
problem. Future efforts in this area should center on the reverse approach--identifying a specific form-
related problem and following a line of investigation to a solution. Similar to the recent NASA-sponsored
test program (Reference 6) in which a noninvolute, constant-relative-curvature tooth form was evaluated.
As Figure 5 shows, the surface durability life of the advanced tooth form test gears io approximately five
times that of the standard baseline gears. Their scoring-load capacity (Figure 6) is, however, lower than
the baseline. The future of tooth-form development will center on optimizing different properties of
specific forms to accomplish specific objectives.

60SOSO 
MAXIMUM HERTZ STRESS.

R4 GEAR TYPE N/M. (PSI)

20 oSTANDARO 0 STANOAO '73 x 107 (250.O0

o NEW TOOTH FORM o EW TOOTH FORM 148 x 107 1214.0001

GS 
NOTES: 1. SPEED -10,000 RPM

2. TEMPERATURE .
6 1 0 201 f 2 1 2 00 X 10 3701K (207F)
BEAR LIFE - CYCLES GEAR LIFE - CYCLES 3. LUBRICANT -

(A) LIFE AT EQUAL CONTACT STRESSES. (B) LIFE AT EQUAL LOADS POLYOL ESTER
MAXIMUM HERTZ STRESS. LOAD, 6,440 N/CM (3.680 LB/IN.).
146 1 10' NIMT (214.000 PSI).

Figure 5. Pitting Fatigue Lives of Spur Gears With Standard and New Tooth Form
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Figure 6. Scoring Failure Load of Spur Gears With Standard and New Tooth Form as Function
of Percentage of Specimens Tested

LUBRICATION

Currently a common oil is used in both the engines and transmissions of virtually all U.S. military
helicopters. This provides significant logistic advantages, but they are only attained by compromising the
optimization of the oil for either system. Since the oils used are basically engine oils and not gear
oils, the transmissions suffer the severest penalties.

Recent research (References 7 and 8) yields strong evidence that a specially developed, dedicated
transmission lubricant can provide substantial improvements in the next gtneration of transmission systems.
Many factors were considered in both studies. We will treat only two aspects here to provide insight into
the potential benefits associated with the development of a new gear oil for rotary-wing aircraft use.

Higher Viscosity

An oil with a higher viscosity (in the range of 10 cs at 210'F) will improve bearing life due to an
increase in lubricant film thickness. Considering two typical existing helicopter bearings will provide
some insight into the magnitude of the improvements we can expect. As Figure 7 shows, the probability of
lubricant-related surface distress occurring decreases with increasing percentage of film formation. For a
typical moderate-speed helicopter transmission bearing (Reference 7), the percentage of full EHD (elasto-
hydrodynamic) film formation increases from 62 percent, which is barely out of the "region of possible
surface distress,..," to 94 percnnt, practically full development. On the other hand, a typical low-spepd
helicopter transmission bearing 'Reference 8) shows a percentage film formation with MIL-L-2369g oil of
virtually zero. Changing the oi will bring this bearing to approximately the same percentage of full film
as the moderate-speed bearing with MIL-L-2369g oil. For both bearings, an improvement in life, as shown in
Table II, can be expected due to the new oil.

too OPERATING REuION FOR MOST Von OPERATING REGION FOR MOST
94% INOOSTRIAL APPLICATION o INDUSTNA PPLiCuniONS

S / m° 0 IIO f .pp
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DIO RE'. sIF00 DI SVRESS
OR :OR-

M~AR"NGS 
SARINGS

40 REGION OF IS"' 840 MOTOW
LUBRICATION MRER M IL. LOOE 23- SVRRELATEO SLIOING' a LIOING

OOF4R OOIO T,, MO NS NEW OIlt
DISTRESS

20 2 -
MIL L 230"

9A 0.E 1.0 174 20 32 4.0 0.0 10 0.4 0.0 10 20 40 60 0
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Figure 7. Percent of Full Elastohydrodynamic Film Development as a Function of Lambda

TABLE II. BEARING LIFE IMPROVEMENT DUE TO NEW OIL

Bearing Oil Expected Life Increase
(pei cent)

Moderate speed MIL-L-23699
New 46

Low speed MIL-L-23699
New 500
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Improved Corrosion Protection

At this time, corrosion is the leading single cause for transmission parts rejection at overhaul for
the U.S. Navy CH-46 helicopter. The latest cumulative overhaul records indicate that over 40 percent of
the gears and bearings examined at overhaul are discarded or reworked due to corrosion alone. In general,
the primary problem which results from corrosion is replacement at overhaul. To show the magnitude of the
cost savings which can be obtained through the use of an oil with improved corrosion pr-tection, we have
reviewed the overhaul records for the CH-46 and CH-47 military fleets as well as data from commercial
operations using the same aircraft with different lubricants. This experience, summarized in Table II1,
indicates that the occurrence of corrosion in gearboxes lubricated with MIL-L-23699 oil is far greater than
that with either of the two other oils used. The projected cost of corrosion per flight hour, with the
CH-46 fleet as a basis for comparison, was calculated using the rejection rates shown in Tible III for each
lubricant. Bearing costs were calculated by averaging the cost of bearings and multiplying by the number
of bearings in each transmission. It was further assumed that only half of the corroded parts would
require replacement while the remainder would be reworked and reinstalled--a conservative cost approach
since it is seldom possible to rework a bearing (bearings account for 75 percent of main parts rejected due
to corrosion) while it is often possible to rework a corroded gear. Only the cost of replacement was
considered; no rework costs were included in the analysis. The resultant projected costs are summarized
in Table IV. -The cost impact of using a lubricant with improved corrosion resistance is quite apparent.

TAB IV. PROJECTED COST OF REPLACING CH-46.GEARS AND

TABLE Ill. CORROSION EXPERIENCE FOP THREE L BICANTS VEARINGS DUE TO CORROSION FOR THREE LUBRICAN7S

SPercent of Parts Corrodedr 19b2 Dollars per Flight HourPercent of Parts Corroded - t~O cn nl--39 I--Ah RLLhe

Lubricant MIL-L-c23h99 MIL-IM-IP0 MIL-LM-U82
Gears i0 2I F.-ward I.B2 0.29 0.16
Bearings 31 7 1 Aft 4.45 0.54 0.29

" 3.94 0.62 0.30

In terms of the CH-46 fleet alone, a total cost saving of over 20 million dollars would a :rue during
the projected remaining life of these aircraft (about 17 years) if an oil with the corrosion-resistant
properties of MIL-L-6082 were used.

BEARINGS

Several areas of rolling-element bearino technology are advancing rapidly. We will touch on only two
in this paper to demonstrate the overall effect.

jmproved Material for Bearings

In many helicopter applications, consumable-electrode vacuum-melted AISI 52100 and 9310 steels provide
satisfactory performance for gears and bearings operating at less than 300"F. As the operating tempera-
tures of bearings exceed 300'F (bulk and/or contact temperature), both of these steels exhibit a loss of
hardress and load carrying capacity. Figure 8 shows the hot hardness characteristics of these steels and
indicates that q310 drops below Rc 58 at approximately 300'F and that 52100 will reach the same hardness at
a slightly higher temperature. To overcome this factor in bearings, many hearings have been fabricated
from consumable-electrode vacuum-melt M-50 steel which has demonstrated excellent load-carrying capacity,
fatigue life, and stable operation up to and exceeding 650'F. With the ever-increasing use and demand for
this material, problems of increased expense for both the material and processing and a low tolerance for
crack propagation have resulted in the demand for a new replacement material.

70

60 -VASCO*X2

50 r
HARDNESS - ROCKWELL 1 A 52100

C SCALE 4

20- N\

0 200 400 600 800 1,000 1,200
TEMPERATURE -- F

Figure 8. Hot-Hardness Characteristics of Common Bearing Steels



Based upon the expected requirement for future helicopter transmission bearings, the following
material characteristics will be required of future bearing materials:

- Increased fatigue life (material factor greater than 6)
- Increased scoring resistance
- Slow crack propagation after initial failure
- Stability during reduced oil flow operation
- Hot hardness better than Rc 58 at elevated temperatures I> 350'F)

Boeing Vertol experience has shown that a modified version of case-carburized steel has the potential
to achieve all these requirements. The material that can achieve these goals is VASCO-X2 steel. This
material has the excellent characteristic of retaining hardness at elevated temperatures coupled with
excellent rolling-contact fatigue properties. When comparing through-hardened versus case-carburized
materials, experience has shown that cracks propagating from a fatigue spall are stopped by the soft core
(Rc 40) of cane-carburized steel bearings, while rapid unstable crack extension occurs in through-hardened
bearings. Failure of this type results in the loss of the structural integrity of the bearing as shown in
Figure 9.

't

Figure 9. T3pical Fracture Failure of Through-Hardened No. 50 Steel

In addition to meeting the needs of rolling-element bearings, the same material should be suitable for
fabrication of gears and shafts. The use of a common material offers many advantages to the design inte-
gration of gear and bearing components. This is further expanded in the following section.

Integrated DesignN% The simple configuration possible with an integrated gear/bearing system design (Figure 4) will result
in fewer individual component parts, reduction in the number of fretting surfaces, and a significant re-
duction in system weight. The risk of replacement of an integrated gear/bearing assembly is present due to
damage to one of many critical surfaces, but the net effect is that of a more reliable, less costly, and
increased-service-life component.

The need of an integrated gear/bearing system design has evolved over the years. The initial design,
(Figure 10, A), shows that standardized parts are used resulting in many simple components and associated
faying surfaces. Experience demonstrates that transmission removals from service are due to fretting of
the mating surfaces and rotation of the outer races in the housings. These designs were modified to
include keying of the outer race and integrating the inner spacers as part of the bearing inner race,
(Figure 10, B). This modification improved the service experience but did not correct all the problems.
The next-generation drive systems that entered service in the early ig80s (Figure 10, C) continue to
integrate components. This includes tabs on the outer race for antirc(tation, integrated spacers on the
inner and outer races, elimination of finger-type oil jets, and the use of an inner-race centrifugally
operated oil lubrication system. This approach has eliminated many of the nuisance problems that plague
helicopter transmissions. This is a significant step in the right direction, but further work will be
required to achieve a fully integrated gear/bearing system as proposed i. Figures 10, p and 4.

High-Speed, Cup-Ribbed, Integral Shaft/Race, Tapered-Roller Bearings

Typical helicopter transmission spiral bevel gears are supported by rolling-element bearings in either
an overhung or straddle configuration. Each of these designs can be supported by ball, cylindrical,
spherical, or tapered-roller bearings. The final design selection is usually based upon system loads and
speeds, life requirements, and available space. Bearings which support spiral bevel gears are required to
react combined radial, thrust, and moment loads. For this type of application, tapered-roller bearings
appear to have the greatest load capacity for a given envelope and total bearing weight. The widespread
use of tapered-roller bearings in such applications has been restricted to lower operating speeds.
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Figure 10. Integrated Bearing and Gear Design

In the late 1960s work was initiated to develop high-speed tapered-roller bearings. Rapid advances
were made to increase the limiting speeds of tapered-roller bearings from 5,000 ft/rin cone rib velocity to

over 20,000 ft/min (Reference 9). This was done by optimizing the internal geometry of the bearing and bv
supplying secondary lubrication to the cone rib area. This work was successfully incorporated ir a
helicopter drive system during the HLHiATC program (Reference 10). In less than 7 years, the potential
high-speed operation of tapered-roller bearings was demonstrated. Although testing was successful at high
speeds, there still remain three major restraints on complete acceptance of tapered-roller bearings in
high-speed aircraft applications:

* Sensitivity to oil interruption
* Sensitivity to mounted end play or preload
* Integration of inner race and gear shaft.

The first restraint--oil interruption and/or oil-off operation--is perhaps the nost serious. Much
development work has been done in the helicopter industry to achieve limited oil-off operation. enerally,
cylindrical roller bearings can operate without oil for extended periods of time. Ball thrust bearings
provide a more difficult challenge but can still achieve desired goals. Because of limited development,
tapered-roller bearings are not yet successfully operating without oil at high speeds.

Tests and analysis demonstrate that the inner race (cone) rib which guides the roller ends quickly
deteriorates under oil interruption conditions. High-speed photography (Reference 9) shows that as speed
increases the natural path of the oil is the outer raceway. To overcome this problem, the bearing was
moified by adding many lube holes in the inner race to provide a second oil path to the critical cone
rib/roller end contact zone. This makes it possible to increase the speed limit of tapered-roller bearings
by more than eight times. The main disadvantages are the increased manufacturing cost and complexity with
no improvement in sensitivity to oil interruption.

Further review of the tapered-roller bearing indicates that the area of the cup/roller erld is a
logical location for the placement of the most critical contact of the bearing. This area provides the
best oil wetting under marginal oil flow conditions and the space to trap residual oil under zero oil flow
and startup conditions. Locating the race rib on the cup not only improve, the lubrication of the bearing,
but it also relaxes the third major restraint: difficulty of fabricaticn of the integral inner race and
shaft; the geometric feature to be incorporated as part of the gear shaft becomes a simple cone. The
difficult rib area is still part of the bearing supplied by the bearing mai;ufacturer. with these advances

incorporated, the use of the cup rib design for advanced transmission concepts shows sigriicant pronmise.

Design studies show that a direct bearing mount (face-to-face) on a spiral bevel gear can provide mani
advantages. By comparison with conventional bearing mounting (ball nd cylindrical roller bearings), a
less complex and smaller envelope design is able to support a spiral bevel gear (Figure 4). Although thin

type of bearing system may rot result in the smallest bearings, there ire many other significant advantages
such as elimination of the inner race components, locknuts, and most outer race retention hardware. The

overall advantage of this type of gear support is a significant reduction in weight and parts count.

In addition, the final restraint on tapered-roller bearings is overcome with this type of mounting
arrangement. With tapered-roller bearings in a direct mount, the cups can be used to apply the desired
preload or axial setting. By providing a floating cup and a spring at one end 0 

the shaft, it is possible
to minimize the sensitivity to the as-mounted end play. The preload spring maintains a uniform bearino

preload over a wide range of operating conditions, resulting in higher fatigue life and reducinq the risk
of excessive preloading.

Finally, as noted earlier, this design ollows for the direct iicorporation of the hearing inner races
as part of a high-precision gear. Initially thin may not seem to be the correct approach for reducirs
drive system costs. Damage or failure of any bearing or gear will result in the replacement of ar
expensive item. Although the initial cost of the qear may be slightly higher, total system cost will be
offset by lower overall life-cycle costs. Also, service history of integral designs shows that eliminatilr



of frettirs surfaces can greatly increase the service life of transmission comporenis. Secondary damae

such as fretino corrosion and handling and assembly damage are the major contributing facts in reduced
service ife, We can significantly improve life and reliability by applying high-speed, cup-ribbed,

tapered-roller bearings to helicopter transmission systems.

j oPmed Pearing Corrosion Protection

As our discussion of lubrication has already demonstrated, bearing corrosion is a serious problem.

Rece-t research indicates that new floating technologies which permit the deposit of very thin, dense,

chrome coatings on bearing surfaces have the potential for reducinq corrosion significantly while imprcvosn

wear resistance and fatigue life. Detailed, independently verified test data ae not yet available ' hr

authors are, however, currently pursuing such data), but Figure I (fron Reference 1!) provides insight

into the potential advantages o
f 

such techniques.
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Figure 1I. Potential Advantages of Corrosion-Resistant

Coatings for Bearings

Forty-eight hour salt-spray tests which compared coated 52100 steel bearings with 404C stainless
bearings showed in a 50 to 70-percent surface corrosion rate on the stainless bearings and only minor
corrosion on the coated 52100 steel bearings. Considering the corrosion damage figures cited earlier, thic
improvement alone can yield substantial savings.

COMPOSITE APPLICATIONS

The main focus of most recent composite developments is on their use as structural airframe members,

The next generation of rotary-wing aircraft will use composites in the drive system as well, not only in

static applications but also as rotating, dynamic load-carrying members.

The application of fiber-reinforced-resin composites to selected areas of the helicopter drive system

will produce weight and cost savings as well as improvements in reliability and safety. These inprovements

which have beer demonstrated in airfrane applications can be transferred to structural components in the
drive system. Major structures like the rotor shafts and transmission housings provide the opportunlty to

realize advantages which include:

# Inherent failsafety through slow failure progression

* Corrosion resistance

* Simplified tooling with lower costs and lead times

* Minimum machining through net-shape forming

* Elimination of critical materials and machine tools in the
processing.

We will treat two ongoing programs (one of which has already reached production status) as indicators

of the future potential of such materials. Our discussion addresses the design, fabrication, and testing

of two drive system components. The use of composites in these areas furthers a technology that can be

directly applied to similar drive system components in advanced rotary-wing aircraft.
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We have been investigating the use of composite drive shafts since toe cud-si, cc' ,ns
testino show graphite T300 filament-wound tubes of 4 to 6-inch diameter wi'h thir wo'll. r . cr :
to be very damage-sensitive. Based upon this early experience, handling-damage iter erv ed ard
additional tubes with heavier wall thicknesses were fabricated. The new tubes are Cildble c

t  
''ur.vi' the

low-velocity impact of tool drops and other handling damage. Testing shows m decrease in fatigue life
after damage testing. Design studies indicate that a major weight reduction (30 mercent) an be obtaires
through the use of graphite tubes due mainly to increased bendino stiffness as compared to that of conven-
tional aluminum tube shafting. Shaft spans (between hearing supports) are determined by (ritical speed
requirements and can be lengthened, resulting in fewer coupling and bearing supports.

In addition to drive shafting, fatigue life of main rotor shafts is being increased by substitutin ao
composite structure for existing aluminum components. Although increased fatigue life is the main objectiue
of the composite rotor shaft, studies indicate other benefits will also accrue. These benefits include
weight, cost, and reliability.

A weight saving of 25 percent is expected as compared to equivalent metallic structures--a reduction,
due to the inherent high stiffness of composites essential to a main rotor shaft design.

The tooling costs for composite shaft fabrication are significantly lower than for metallic equiva-
lents. A simple tube mandrel suffices for most shafting; a main rotor shaft requires only diameter
machining of selected areas, and other diameters remain net from the winding mandrel.

Corrosion protection of steel rotor shafts is a continuing problem, and corrosion of mating steel
surfaces represents a significant cause for removal, rework, or rejection. Graphite and glass shafts with
proper dielectric separators and the use of selected corrosion-resistant steels for fasteners make the
composite structure essentially corrosion-proof. The inclusion of S-glass in the torque path of the rotor
shaft provides an expected improvement in failure modes as compared to steel or aluminum. The composite
shaft has a soft failure mode which is detected by a slow change in stiffness rather than a total loss of
load-carrying capability.

A thick-wall composite tube was evaluated for the center section of a 3-piece CH-47 rotor shait
assembly (Figure 12), The composite section was designed to an unlimited fatigue life goal to replace the
life-limited metallic center section now in use. The composite section was also sufficiently strong to
withstand multiple handling damage defined by the criterion of a 2-pound ball dropped from 6 feet. The
composite tube is connected by several rows of radial pins to the upper and lower steel splined shafts.
Some outstanding operational requirements of the composite rotor shaft assembly include:

Torque (fatigue) 1.11 x 10 - 0.133 x 10 in-lb
Torque (ultimate) 2.33 x 10 in-lb
Torsional stiffness GJ = 2,180 x 10 lb-in.
Bending stiffness El 2,180 x 10 lb-in.
Bending moment - 425,000 in.-lb

(at upper oint)
Desired life 10,000 hours

ROTOR HUB SPLINE

UPPER SHAFT

CENTER SECTION T1'

(38.85 IN.!if t"
W TRANSMISSION SPLINE

LOWER SECTION

Figure 12. CH-47 Aft Rotor Shaft Assembly

Aralysis of this de- on indicates that a ma cr oroport en of the cnmnsite tue would be qraphite 0
order to achie.e the desilud stiffness tc atch the dynamic prop rties inherent in the curent alumintuiv
tube, The final weight of 010s section is h pounds; by cnmparison the limited-life alunii um tube is hI
purds, ard a steel tube witn unlimited li'e was desiqned weighing IlIC pcunds. The :omposite rotor shaft
sect ion was Cabricater my fi lamert-windin(; techniques (isi c a rtat in mandrel. -he manidrel shape forus
the inside diametn, ' the tuet net dimensions; radial holes ate machined t suit the upper and lower

i-- slr'S, ard Cci a'seltly is compl='nd.



12. FUTURE NEEDS

The need for high temperature gear oils and their market potenti,.l should ce

identified in order to stimulate activity in this area. For over twenty-five years high
temperature operational capabilities of gear materials have lain dormant due to the

absence of compatible lubricants. It should be determined whether thu ir availability
would result in a worthwhile gain in overall operational efficiency and whether or not
the total development and system costs can be repaid by performance gains.

There should be a purposeful effort to remove gear design from empiricism by means
of synthesis and optimization techniques. Their application is simpler when there are

no constraints on the system such as spacial relationships. Usually the constraints of
high power turboprop drive systems are relatively simple and may be met by a number of
different gear arrangements. What follows is an example of what might be initiated by

making use of state-of-the-art technology as the framework of a design synthesis

methodology:

* Comparison of gear arrangements with selection of ideal arrangements by weighted

logic.

* Sizing of gears to mission requirements and growth factor.

* Selection of number of teeth based upon optimization techniques for maximum load
capacity. Includes Fourier Series analysis to minimize dynamic load effects.

* Optimization of conjugate gear tooth form to suit application.

* EHD analysis by modified TELSGE program.

* Dynamic analysis by modified GRDYN program.

* Selection of bearings.

* Life analysis of gears and bearings as a total system.

* Torsional vibration analysis of complete power transmission system.

Caution must be exercised when depaLting from traditional design practices. It is
apparent that the growth inherent in a number of existing gearboxes was there because of
empiricism and implicit conservatism in the initial design that was used to advantage as
load increases were desired. In the future new designs will be targeted at a
predetermined growth factor coupled with mission requirements needed by the potential
applications envisioned or the machine. Designing machines to material properties and
weighted load life will result in smaller and lighter units, but they will have less
growth potential than was available in the past.

It is of the utmost importance to achieve design simplicity in order to meet future
reliability, maintainability and economic goals. To this end it is essential that the
propeller pitch change mechanism be an integral part of the overall design of the
gearbox. The speed reduction gearbox may be viewed as a dedicated mechanism which

provides power to and controls the propeller. Ideally, it will be a self-contained
entity that will initially provide for its own lubrication, cooling and monitoring.
Eventually, a 'smart' gearbox may emerge which will monitor and control its environment
according to operating conditions in real time.



rationale and logic of a year tooth synthesis modeling methodology and a computer
program flow chart. The program merges three models: the first concerns conjugate
profiles and Hertz contact pressure; the next is a bending strength model which adjusts
pitch line tooth thickness and profile curvature; and the third is a search routine
which provides for the maximum capacity of the gearset. A balance is reached which
makes the most efficient use of the given pitch line space width. A referenced report
is noted which deals with t'.e manufacture and testing of synthesized gears based on
quiet running conditions. This is an area which should be exploited rapidly to explore
its potential and its degree of correlation.

10. STPUCTURAL

The larqe qeneral-purpose structural computer programs such as NASTRAN and ANSYS
are a boon t- designers and have oeen responsible for expanding design capabilities and
macnine performance. Tney are relatively simple to apply to engine components such as
turoine wheels and cori.-uso -asings which are asi-symmetrically loaded. Gears, on the
other, rand. are, :or ns1 eeI-,e po)int-loaded and this makes modeling considerably more
di; ficult . In order t- -imI gear loyd it is necessary to express them in terms of a
Fourier series. This i- , urr t ime consuiming and expensive and, because of the extra
masc emati ii -mamipulat i-v r--uire', the results become suoject to error accumulation.

Finite El--metv Fe iM) nave been developed for application to the gear tooth
form, L-i' Freuen r 'n- i o,- perator time and computer time required is
d iscoi ra.inm;. tu am''-- items,, na IU ini1te elIement anal1yses of symmet ric and
a sy mmet-Lr ic i- ari- T, .%r :-sr t.d i n 19 7 2 (3 4 . The accuracy of the two
dimensif nal -la ! 'a r ia o :orpared .iirh data from a photoelastic model.
Pretli tr, st r-,s'.r- a t ta -i- It one ic-rcent to twenty percent lower than

0 '1 .' 1 '

Ithoe re work was applicable to spur, helical and
bevel 3f.ro 3ar Ti e o r .1 routine wmich reduced the computer time
required. A pretz i,; i -- tniraam is nder deveiopment(12 which auto-
'atically creaa oil -!-ef s anr, helical and spiral bevel gears.

11. TPRA CT 1<)N 1,SIV;F

The larest pr q zra 1 1at ions ,f aerospae rraction d. ives are for hybrid
arrangecents wrere tie inl pe red uct ion is accomplished by a multiplicity of
externally tootted pimir s rattrer tsar rol lers, driving a common ring qear .

A turboprop apica' in oir is intended for use as a speed e rduction component
in an advanced pro ler pit t cane ct:ansm( Fig. 5) is presently in tne design
stag". This as a irily n Tias a icat ion which capitalizes on the characteristics of
the traction drive:

hI can a eve a verlre srictueal eout ina ver y s mall volume.

N * The oreep experi nced by in traction drive does not affect performance since
position control is the final function.

* Input power is relatively low si t ehat a 6% power loss is acceptable.

Figure 5
Tract 1.on Drive Propellet i tch tehan-e Mechanism



most useful to program users since they are difficult to obtain. This is a powerful and
useful analytical tool that can be used for design purposes or for comparing the effects
of varying lubricants and/or operating conditions of existing machinep. The program
should be modified to accept any conjugate tooth form to meet potential future
requirements.

Actual power transmission systems are being used as test vehicles to advance the
state of the art in actual flying scenarios. Monitoring systems are being developed for
use on helicopter power transmission systems which will offer application advantages to
future turboprops. A U.S. Army program concerned with debris monitoring and fine
filtration effects utilized an initial test fleet of fifty UH-l helicopters to gather
statistically significant data. Thirty-eight were modified by having their 38 micron
oil filters and splash-type chip detectors replaced with three micron oil filters and
full-flow burn-off chip detectors. Recommended oil service life has been increased from
300 hours to 1000 hours in the transmission and average filter life has increased from
about 400 hours to 1000 hours as the systems became cleaner(23). In the same genre,
Westland Helicopter i been actively developing a Health and Usage Monitoring program
which includes vibratiun analysis, wear sensors, torque monitoring and oil analysis.

The ground test vehicles of helicopter main transmissions are being used in
progressive test programs where components of advanced design and/or advanced materials
and lubricants are evaluated, and their reliability at elevated temperatures
predicted(24). In another series of tests an OH58A transmission rated at 500 H.P. was
mounted on a regenerative test stand to determine its efficiency with each of eleven
different lubricants(25). The results indicated that the efficiency of the test
transmission ranged from 98.3 to 98.8 percent dependent upon the lubricant used. This
variation in efficiency represents a 50 percent difference in transmission losses.

There are operational requirements where it is impossible to develop the value of
specific film thickness necessary to achieve gear tooth separation and the load is
shared by the surface asperities. In this mode the composite sarface roughness is most
certainly not that specified on the gear drawings nor that which exists on newly
manufactured gear teeth. Theory suggests that gears which have been run-in have had the
slopes of their asperities reduced, thus providing more contact area(26). A realistic
value of specific film thickness is difficult to determine due to the uncertainty of
actual operational surface roughness. As a result, the value of specific film thickness
which is calculated as existing in the boundary lubrication regime is open to question.

A methodology has been developed(27,28), utilizing published test data which
considers the elastohydrodynamic film thickness and the composite surface roughness as
two separate parameters. Although the work was done with data from bearing tests, the
basic theory should be applicable to gears as well. The theory should be tested and, if
confirmed, should be used to modify present EHD computer programs. It does seem to be
good practice to relate to the surface topography of gears and bearings in an as-run
condition rather than in an as-manufactured condition.

There is a concern that the Ryder Gear Test (ASTM-D-1947) has reached the limits of
its usefulness. Published papers refer to an *imprecision problem." What is required
is a test machine which will give statistically repeatable results quickly and
economically by means of test specimens that duplicate the sliding/rolling motions found
in the gearmesh. The ability to screen lubricants and to define load-carrying capacity
with precision may be critical in the development of high-temperature gear oils.

The drive for increased installed efficiency requires the development of high
temperature gear lubricants. These may be based upon existing synthetic stocks by
increasing viscosity and adding additives, or by going to synthetic hydrocarbon-based
stocks. In any event, their performance in the gearmesh environment must be evaluated
and a rationale developed which allows for engineering predetermination or their
usefulness in an application. This may require combining the results of Disk and Ryder
tests with EHD programs to account for boundary lubrication. A fundamental
understanding of the physical and chemical interactions between the lubricant and the
gears is lacking at this time, and this is a goal that must be given more emphasis.

In addition to the technical aspects of lubrication it follows that in order to
secure its maximum effecuiveness; i.e., maximum penetration for cooling and EHD film
development, the lubricant must be put into the mesh zone properly(29-31)and removed
from the gearbox with the minimum amount of energy transferred to it.

9. DESIGN SYNTHESIS

The open literature contains very little concerning gear synthesis and gear
arrangements. Yet, these are the rationales that, in combination with gear lubrication
and stress analysis, will make a truly complete gear design synthesis program possible.
A methodol,gy related to involute gearing which synthesized both gear arrangement and
design to predetermined stress levels was published in 1963(32). It has the virtue of
simplicity which eases reduction to a computer program format.

Dur.ng September of 1982 a paper was presented at an ASME conference which may have
significant potential in the area of dedicated gear drives(33). The paper presents the
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should be a valuable tool for assaying the planetary gears in existing nel copters dnd
turboprop gearboxes. It may even serve as a guide of how to improve tr em. Ir has the
potential of being transformed into a design tool for comparing planetary gears with the
same overall ratio, but with varying numbers of planet gears arid gear teeth. Tsis would
give the designer the opportunity of comparing the effects of different combinations of
tooth numbers which result in hunting ratio, common factors and simultateous meshing.
There is the capability of expressing the numbers of gear teeth which are used in the
equations in terms of overall ratio, and further generalizing, so that all types of the
epicycle differential gear may be examined.

Dynamic Analysis

A number of mathematical models have been proposed to resolve the dynamic loads
which result from the effects of tooth spacing errors, wear, profile variations, tooth
tip relief, and variations in stiffness of the individual tooth pairs as the location of
their mutual line of contact changes during operation(15-18). With NASA-Lewis
sponsorship, a methodology was developed and incorporated into a computer program
named, "Gear Dynamics' (GRDYN), which will handle both low- and high-contact-ratio
gearing(19).

A review of the literature reveals that from a vibration and dynamic viewpoint, the
gearbox is being addressed as an isolated entity rather than as a component of a larger
and more complex power transmission system by most of the investigators. A few have
recognized the influence of all of the other components involved(20,21). Displacement
and/or torsional excitations can provide a stimulus which may act upon the drive system
to induce unwanted torsional vibrations. This includes the characteristics of the prime
mover, the load, the mount system and the vehicle which supports the drive system.

8. LUBRICANTS AND LUBRICATION

In the United States the demands of logistics require that the lubricant for
turboprop power transmissions be MIL-L-7808 and/or MIL-L-23699. Neither of these oils
has additives which are beneficial to the gearmesh. There is a specific commercially
available brand of oil which meets the MIL-L-23699 specification that does contain
additives; however, the gear designer is not permitted to specify it. Presently, both
the engine and gear train are served by a common lube oil source whose bulk temperature
is normally given as a range of 1751F to 225°F. To assure meeting design requirements,
it is assumed that operation is with the less viscous oil at its maximum bulk
temperature. This places obvious constraints upon gear design options.

Experience with the T64 gearbox, which has been developed from 1600 to 3500
horsepower, indicates that tooth breakage is not a gear failure mode. An effective
growth limit based on lubricant properties exists which does not allow for gear root
stress capability to be exploited. Higher power levels have been achieved at lower bulk
oil temperatures. The suggestion is that the specified lubricants are the barrier to
increased performance.

There appears to be three viable paths available to immediately increase gear
capabilities and two development areas to consider for the future. These are:

* To separate the gearbox lube oil system from the engine lube system and to supply
the gears with a gear oil.

* To seek Out the potential increased capabilities claimed for the Conformal gear
tooth form.

* To examine the potential of involute gear teeth with larger than standard pressure
angles in the double helical configuration.

* To develop high temperature gear oils.

* To develop and test "synthesized* gears.

The unexpected appearance of a lubricant which would meet present oil specification
requirements maintains sufficient gearmesh film thickness and ceitained additives to
improve boundary lubrication conditions when needed would not eliminate any of the items
just noted.

NASA has sponsored a computer program, "Thermal Elastohydrodynamic Lubrication of
Spur Gears', (TELSGE)(22) which has been correlated with T64 operating data. The
program utilizes both temperature and pressure viscosity relationships in evaluating
lubricant performance. The line of action is divided into fifty equal divisions on both
sides of the pitch point and a solution is arrived at for each of the one hundred
points. It is dedicated to the elastohydrodynamic lubrication regime. It does not
account for the additional load-carrying effects of additives nor does it consider
boundary lubrication. The output is available in either numeric or graphic form; the
latter making ideal permanent records to substantiate design decisions. A periodic
publication of a compilation of viscosity coefficients as they become available would be



5. GEARBOX MATERIALS

The light metal alloys, aluminum and magnesium, have been the primary materials
used for helicopter transmission and turboprop gearbox housings. The suppliers of these
materials have been improving their performance with regard to modulus and strength at
temperatures above 3001F, but they face fierce competition from ferrous alloys and
composites. The composite structure of the Lear Fan aircraft and its engine power
transmission shafts is perhaps the ultimate example of the potential of composites.

mounted nose bevel-gearbox housing under development(12). The composite torque tube
section, designed for unlimited life, is approximately 23% lighter than an equivalent
steel tube. The composite nose gearbox has been static load tested to 120%
single-engine power. It is approximately 80% lighter than the present magnesium
housing, can tolerate operation at 4501F, and has the potential of significant noise
reduction.

The potential of higher gearbox operating temperatures has resulted in a move away
from light-alloy housings to a stainless steel fabricated main housing by SikorskyI2).
A lighter weight and less costly housing is claimed. A close matching of the
coefficients of thermal expansion between the housing, bearings and gearshafts are
substantial aids in operational and cost performance. Other noted advantages are the
virtual elimination of corrosion, fewer required machining operations and the
elimination of bearing liners, studs and inserts.

6. BEARINGS

It would be expected that bearing life and reliability would meet system design
requirements. This confidence level is based upon the continuing development of bearing
materials with improved fatigue and impact properties, the analytic capabilities of
present computer programs and the ability of bearing manufacturers to produce precision
products.

Presently, VIM-VAR M-50 is a premium bearing material which has not proven itself
to be suitable for the gear environment. The steels which are of interest to gear
designers are those which will tolerate increased operating temperatures and excel in
operation functioning as gears and bearings. This has come about by the effort to
increase the load capacity of gears which results in smaller gear sizes for a given
torque load. Unfortunately, smaller gear sizes translate into larger bearing loads.
The potential fretting problem between the inner race and shaft journal may be avoided
by making use of integral inner races. When this is done, the bearing load capacity is
usually increased since a larger diameter rolling element may normally be used.

It appears that the U.S. helicopter manufacturers are working to reduce the number
of bearings required to support the bevel gears in their main transmissions. Boeing
Vertol has chosen the tapered roller bearing for this purpose(12). They have relocated
the cone back-face rib to the cup front-face and made the cone integral with the
gearshaft. The new location of the rib traps oil for improved roller-to-rib
lubrication. Also, the use of tapered roller bearings in this application reduces the
number of bearings required per gearshaft from three to two. This has decreased the
length of the gearshaft and the overall size and weight of the bevel nose gearbox.
Sikorsky Aircraft is developing a hybrid roller bearing with the object of increasing
its thrust capacity and thereby eliminating the need for a ball thrust bearing. This
bearing was incorporated into a proof-of-principle main transmission and run at full
speed and load.

There are ongoing programs to prove ball bearing geometry and materials at high DN
values; ie., two million DN and three million DN. It is feasible to consider that a
bearing for an aircraft gas turbine gas generator may run at these DN values, however,
such a requirement will probably not be necessary for a turboprop gearbox.

Modern computer programs are available for designing and evaluating bearings of
many different types for use in a variety of applications. A gecrshaft-bearing assembly
may be analyzed as an interacting system subjected to a complex load-speed-time duty
cycle. Items such as bearing internal geometry and clearances, klastohydrodynamic
lubrication: the centrifugal field, materials, temperature, etc., are involved in the
rationale. Life multipliers are constantly being correlated with field experience. As
a result, the anticipated life and reliability of all of the bearings in a complex drive
system, as well as the overall system reliability, may now be predicted with increased
confidence.

7. LIFE ANALYSIS

Basic research relating to the surface fatigue life of gears has been reported on
by NASA-Lewis investigators(13).This work has been expanded to include a reliability
model for planetary gear trains(14). The model is based on the Weibul distribution of
the individual reliabilities of the gears and bearings which make up the machine. This
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Figure 4
High-Temperature Gear Lube Test Stand

There are steels with hot-high hardness strength from which gears have been
manufactured and incorporated into helicopter ground test vehicles. The steels of
primary interest are CBS600, VASCO-X2 and Carpenter EX-00053. The former two are
considered to be good bearing steels so the option of designing gearshafts with integral

bearing races exists. However, testing(9) indicates that CBS600 and VASCO-X2 do not

display statistical gains over AISI 9310 in bending fatigue life. Moreover, they
exhibit a potential for a surface fatigue spall which acts as a nucleus for a tooth
fracture failure. Their advantage is their ability to maintain hardness and strength at
temperatures that render AISI 9310 useless.

Another steel which exhibits high hot-hardness strength and is being tested as a
candidate material for gas turbine main shaft bearings is a modified AISI M50 designated
M-50NIL(l0). It is among a new generation of materials being developed which will
provide improved fracture toughness and corrosion resistance. Tests conducted with
bearings made of a carburizing grade of AISI M-50 showed no tendency toward fracture nor
an indication of incipient fracture although the bearings had spalled. It has not yet
been determined whether the favorable characteristics exhibited in bearing tests will
carry over into the gear environment.

The importance of developing steels that perfcrm well in both gear and bearing

applications cannot be overemphasized. In addition to the size and weight benefits
gained by gearshafts with integral bearing inner raceb there is the avoidance of
fretting to be considered.

With aerospace gears the final stages of the manufacturing process may vary after

hardening. Some gears are protuberance hobbed so that the final grinding operation does
not affect the root. Gears with ground and unground roots have had their roots
shot-peened to increase bending fatigue life. Whether shot-peening has been extended to
the tooth flanks to improve pitting fatigue life in operation is unknown. Had the

researches of Townsend and Zaretsky(ll) been published earlier, no doubt the process
would have been qualified for production gears.



3. GEAR TOOTH FORMS

Ongoing projects and studies relative to gear tooth forms may have a significant
impact upon future power transmission systems. The involute tooth form, the
Wildhaber-Novikov tooth form and a potential synthesized gear tooth form are being
examined. The former two are undergoing serious development in the analytic and
hardware stages while the synthesized tooth form exists as a computer program. A number
of involute gear tooth form modifications have been developed and are undergoing test in
the United States in association with advanced helicopter transmission programs. A
similar activity is taking place in England, except that the tooth form is 'Conformal.'
In both countries the goal is to improve load carrying capabilities. The involute
modifications are essentially related to high contact ratio gearing. The effort is
being carried out by Boeing Vertol, Bell and Sikorsky under contract with NASA-Lewis and
the U.S. Army Research and Technology Laboratories.

Sikorsky Aircraft has developed a high-contact-ratio involute tooth form which has
a standard 200 pressure angle on the drive side and a 250 pressure angle on the coast
side which they have chosen to call a "buttressed" tooth form(l). The planetary gearset
of a development Black Hawk transmission was made up with buttressed tooth form gears
and ran at full load in a test transmission. Published test results(2) claim an
increase in gear fatigue life of 65:1 over that of a standard involute tooth form due to
the reduction of gear tooth bending stresses inherent in the high-contact-ratio design.
It is expected that an increase in load capacity is achievable for the modified
transmission. It was also noted that the high-contact-ratio gearsets have increased
lube oil temperature differentials when compared to standard involute gearing.

Bell Helicopter published the results of engineering calculations which predicted
the results of a series of tests which were to be run in a common planetary
arrangeme.nt(3). Standard spur gears, high-contact-ratio spur gears and double-helical
gears were to be evaluated. Planetary gears made up of each tooth form were to be run
sequentially in the same gearbox, under similar test load conditions. At the time of
writing, the results of the tests were not yet made public; however, calculated test
results indicated that the double-helical gears would be the most efficient and have the
lowest lube oil temperature rise.

Another variation of the basic involute was designed and manufactured by the Boeing
Vertol Company and designated as the New-Tooth-Form (NTF)(4).This tooth form was a
high-contact-ratio spur gear with large profile modifications at both the addendum and
dedendum. The profile radius of curvature was reduced at the addendum and increased at
the dedendum in an effort to reduce sliding. Test results indicate an increase in
pitting fatigue life, decreases in scoring and bending capabilities, and an increase in
operating temperature as compared to staidard involute low-contact-ratio gears(5).

In England, Westland Helicopter is utilizing gears which have circular-arc tooth
forms for the last reduction stage in the main transmission of their Lynx heli-
copter(6). The tooth form has been derived from the Wildhaber-Novikov tooth system
which Westland has designated as Conformal. The tooth profiles are basically circular
arcs, the pinion having a convex surface and the gear a concave form. Theoretically,
the Conformal has a point contact as opposed to the line contact of an involute;
however, in practice an elliptical contact pattern exists. It is claimed that their
load capacity is 50% greater than involute capacity for case hardened and ground gears
and that they experience slightly lower losses(7). Early test reports stated that they
were sensitive to center distance variation. If so, that problem is evidently
usoceptible to detailed engineering analysis and profile modification. There are
CorTillromlses to make in its application; a relatively long face width is required since
it drives through its helix and its performance improves as the ratio increases. The
Conformal tooth form allows for a pinion with an extraordinarily low number of teeth to
be made for sse in a power transmission gearset. The result iE the ability of a pair of
gears to achieve a large speed ratio.

4. GEAR 6 BEARING MATERIALS

One approach to increasing overall aircraft performance is to decrease the heat
re)-ction rate of the installed machinery. In order to achieve this goal the operating
temperature must be increased. The idea of operating gears ac higher temperatures is
not a new one. Almost thirty years ago a high temperature gear test stand(Fig.4) was
put into operation and testing conducted(8). Gear materials that could function at
elevated temperatures, up to 600-F, were identified. Lubricants were not.

The vast majority of turboprop gears have been made of AISI 9310 steel. AS the
quality has improved from premium quality air-melt to Consumable-Electrode-Vacuum Melted
(CEVM) and to Vacuum Induction Melted-Vacuum Arc Remelted ("IM-VAR), it has been
incorporated into the product. However, the material impro/ements due to cleanliness
have not affected the tempering temperature of approximately 300-F, thus present
gearboxes are temperature limited. Moreover, there has been no incentive to use high,
hot-hardness gear steels in the past due to the inability of lubricants to maintain a
sufficient film thickness at elevated temperatures.



investment and life cycle costs. Future turboprop gearboxes will feature the absolute
minimum number of gears required to perform the desired function consistent uith what
advances in materials, lubricants, gear tooth fors and bearings will allow.

Figure 1
Turboprop Planetary Gear
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Figure 3
Western Gear/Lear Fan Propeller Gearbox



A STATE OF THE ART ASSESSMENT OF TURBOPROP TRANSMISSION TECHNOLOGY
AND PROJECTED NEEDS FOR THE NEXT GENERATION

by

Robert J. Willis, Jr.
Principal Engineer - Gear Systems

General Electric Company
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Lynn, Massachusetts 01910, U.S.A.

The major share of power transmission research and
development during the past twenty years has been expended on the
improvement of helicopter main rotor drives. Fortunately, most of
the advanced technology features resulting from these efforts are
directly applicable to turboprop transmissions. The technology
base is made up of a number of interacting disciplines whose
application is tempered by economics as well as the engineering
state of the art at any given time. Modern computers are playing
an ever increasing role in the design process and promise to be
the means of removing gear design from its empirical background.

I. INTRODUCTION

The increase in the price of fuel as a percentage of direct operating costs has
stimulated interest in the turboprop engine as a potential replacement for turbofan
engines. Although popular immediately following World War II, it was soon displaced on
large transport aircraft by increasingly improved turbofan engines which allowed for
higher cruise speeds and eliminated the speed-reducing gearbox by having a direct drive
between the power turbine and the fan. In areas where economics or high thrust
capability at low velocities were the governing criteria, rather than speed, the
turboprop held its own as evidenced by its many applications in military and general
aviation aircraft. With the exception of the CT7 and the PWI00 series engines, plus the
engine/gearbox combination powering the Lear Fan, all of the major turboprop engines
were certified prior to 1968. Twenty years or more have passed since the initiation of
their designs. In that interim the helicopter was found to be a most attractive machine
in a broad application/utilization area and attention was given to its development. In
the meantime, dedicated turboprop transmissions have experienced increased load
capabilities by means of continuing product improvement programs. These include the
qualification and use of improved materials, as they become available, and design
changes within the constraints of an existing product.

Historically, turboprop and helicopter gear arrangements have favored some form of
the epicyclic differential gear for the last reduction stage. The gear teeth have been
of the involute tooth form and engine oil has been specified for the gearbox to satisfy
the demands of logistics. Recently, there has been a trend to use other types of gear
systems. For example, neither the CT7, PW100 nor the Lear Fan/Western Gear turboprop
gearboxes utilize epicyclic gearsets. This also applies to the power transmission
system of the Westland Lynx helicopter. In addition, conformal gears rather than
involutes are used in its last reduction stage, and it has its own lubrication system.
A gear oil is specified rather than an engine oil so as to not compromise the gears.

The state of the art in gearing is largely based upon empiricism. However, some of
the accomplishments of recent years, aided by the enormous high-speed computational
capability of modern computers, have increased our knowledge and understanding of
fundamentals and suggest that further advances may be made.

2. GEAR ARRANGEMENT

A review of turboprop engines listed in several volumes of 'Jane's All the World's
Aircraft,- with regard to gear arrangement, illustrates the popularity of the epicyclic
differential gearset for this application(Fig.l). Of twenty older engines surveyed,
fully eighteen of them incorporated some form of this type of gearset in their propeller
drive trains. This popularity exists for single and dual gas turbine engine drives and
for counter-rotating and single rotation propellers. The exceptions are the Bristol
Coupled Proteus and the Napier Naiad.

The latest turboprop engines to appear in North America have abandoned this
trend(Fig.2). The CT7 and the PW100 series engines both make use of double-reduction,
double-branch offset layouts which have simple geometries and fewer parts than
comparable epicyclic gearsets. The gearbox designed and developed by Western Gear for
the new Lear Fan aircraft has dual inputs and a single output which drives a pusher
propeller mounted at the rear of the fuselage(Fig.3). It is different in that a spiral
bevel *V* drive with 7 shaft angles is used for the drive gears. All of these
gearboxes stress overall design and manufacturing simplicity and a minimum number of
parts. A new trend which eytols simplicity appears to have begun. This is no doubt a
reflection of the increasing emphasis placed upon reliability, maintainability, initial
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Do you use MSO in gears also?

Author's Reply

No, we use Vasco X2.
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CONCLUSION

The developments described in this paper represent a few of the major accomplishments in advancing the
technology of rotary-wing aircraft transmission components. The combined effect of these developments will
provide a drive system with significant advantages, including lighter weight, less complexity and cost,
fewer faying surfaces and, potentially, longer component life and increased reliability.

A few of these advances have already been incorporated into the modernized CH-47D helicopter.
Although there has been no change in the basic arrangement and speed reduction of the CH-47C and CH-470
drive system, there have been significant improvements in weight, reliability, and life-cycle costs
effected through the use of integral gears and bearings, high-temperature gear steel (VASCO-X2), tapered-
roller bearings, an auxiliary lube system, and an integral oil-cooler system. The CH-470 transmissions
have successfully completed extensive bench and flight testing and are now in production.

The next-generation transmission will incorporate many more advanced technological concepts to achieve
the desired drive system goals mentioned earlier. Figure 14 illustrates how advances in technology can
improve a transmission. The CH-47 engine transmission modifications over the years to increase its power
capacity while keeping weight increases to a minimum are such an example. The original CH-47A nelicopter
was designed with the technology of the 13te 1950s and early 1960s. Over the years, changes were incor-
porated to increase the power capacity while maintaining the basic envelope. The CH-47C engine
transmission was capable of a 50-percent increase in single-engine power with only a 17-percent increase in
weight. The current production CH-470 engine transmission power capacity has increased an additional
23-percent with only a 2-percent increase in weight. Projections based on the advances discussed in this
paper would result in an engine transmission that can transmit 85-percent more power than the original
CH-47A and weigh less.

nRANSMISSION CHA4A 5190) CH47C LAnE INDS) CR410 MID 1I70'S) ADV. GMDN (1980'S)
C ON F IG U RAnION

DESIGN POWER
,.E 2.485 HP 3.50 HIP 4.600 HP 4R0 HP
T.E. 4,970 HP B.000 HP 7,500 HP 7,500 HP

CONFIGURATION STANDARD STEELS MODIFIED STEELS MODIFIED STEELS MODIFIED STEELS
52100 - BEARINGS CEVM MS0 - BEARINGS CEVM M-ED - BEARINGS CEVM CBS-DO0 BEARINGS
9310 - GEARS CEVM B310 - GEARS CEVM VASCO X - GEARS VIM VAR VASCO X2 GEARS

STANDARD BALL & ROLLE R OUT OF ROUND ROLLER DOUT OF ROUND ROLLER HIGH SPEED. CUP HIBBED
BEARINGS& SPACERS BEARINGSWITH BEARINGSWITH TAPERED ROLLER

INTEGRAL SPACERS INTEGRAL SPACERS. BEARINGS,COMPOSITE
HIGH-SPE ED CLUTCH HOUSING
BEARINGS

SPLINED GEAR TD SHAFT BOLTED GEAR TD SHAFT DONE PIECE INTEGRAL ONE PIECE INTEGRAL
GEAR/SHAFT GEAR/BEARING/SHAFT

MAJOR COMPONENTS 25 24 28 56

FAYING SURFACES 45 3S I6

NO. BEARINGS B 7 5

TOTAL WEIGHT 10 LB 123 LB IDE LB 100,5 LB

,.0. HP 23.67 30.49 I.I 46ST
LB

Figure 14. Advancements in Transmission Design

In addition to reduced weight, many other significant advantages can also be achieved. Major parts
count is reduced by 65-percent, and the number of bearings is reduced by 37-percent. Each of these items
has a significant effet on initial cost and system reliability. Fewer bearings and faying surfaces will
greatly reduce the major source of transmission removals and causes of romponent rejection. In approxi-
mately 20 years, the power transmitted per pound of transmission weight has doubled.

The marked advantages to a rotary-wing aircraft transmission system that can accrue from component
development are evident. We believe that continuing research and development programs leading to
integrated assembly and improved analysis and testing of advanced components will provide the technology to
meet the goals of the 1980s and beyond. Results of programs to date indicate that continuation of these
efforts will provide significant and fruitful results for future helicopter drive systems.
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The composite rotor shaft was tested under combined bending and torsional fatigue loads. The bending
loads applied are approximately double the design 8-degree flap angle load, and the torsional load is
equivalent to the design torque rating of the shaft. The torsional loads are carried into and out of the
composite tube through the radial pins connecting the upper and lower steel sections. The bending loads
are taken by socket action between the inserted steel pieces and the tube inside diameter. Testing of the
composite center section meets the design goals of the composite rotor shaft. These tests also demonstrate
that composite structures can be used in this critical area of a helicopter drive system.

Composite Transmission Housings

Compared to the magnesium castings now used, potential advantages of a composite transmission housing
include thermal stability, excellent specific stiffness and strength, and resistance to corrosion. In
addition, with the use of a high-temperature polyimide matrix, the stiffness and strength of the assembly
can be maintained to 450F or even higher, depending upon the choice of matrix material.

A CH-47 engine-mounted nose qearbox designed and fabricated from graphite and polyimide composite
material. This gearbox is a sinqle-bevel-mesh unit with a reduction ratio of 1.23 to I and a power
capability of 4,600 hp at an input speed of approximately 15,000 rpm. The production gearbox housing is a
magnesium casting with a weight of 25 Pounds.

The fabrication method for this housing was selected on the basis of potential minimum production

cost; it eliminates hand layups, multiple cure cycles, and secondary bonds. Filament winding appears to

best fulfill these requirements. A compatible graphite filament and polyimide resin system was selected
from a number of candidates with temperature capability appropriate to current lubricatino oils (around
300'F oil-out) with a suitable margin for emergency mode oil-off operation. This margin requirement
eliminated epoxy systems from consideration. Therefore, Kerimid 711, a modified bismalyimide resin, and
Hercules AS-4 graphite fiber were selected.

The properties of the composite housing made possible defloctions at key points equal to or less than
those of an equivalent magnesium housing and a weight saving of approximately 20 percent was effected.

The dynamic components of a CH-47D engine transmission were installed into the composite housin. The
gear teeth and cemposite housing were strain-gaged in critical areas, and a series of static and donamic
tests was conducted with the test rig, Figure 13, which shows the composite housing installed in the test
stand along with a standard magnesium-housing engine transmission. The composite housing successfully
completed a series of static load tests at ambient and elevated temperatures. Data were recorded for loads
up to 120 percent of single-engine power and compared with existing data for a magnesium housing.

. .. .4 *1.

k ,k1A

Figure 13. Gearbox Test Stand

Test results indicale that a cooposite material can be used in the fabrication of a transmission
housing, and it will achieve design objectives.

The improvements in weight and especially stiffness achieved through the use of composite materials
almost insures their application to future transmission designs.
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[the Phx I ge-u-arhO.X trIansmits I ,1(1111I with a gear ratio of15. 1S 1 (see zig.2) . Ihe
geairbox co0 nists of- two stage off-st h ith d olile lsha It Connect ing the two stages.

he f irst stage hli calII pin ioil rot it' i t 0(0 of rpm and hias a p it ch 1lie velIoc it v o f
10(00 It/min 1he dlouble helical pinioni is elect ron bramn weldnd to iniiZe length.
I le second stauge t r nsits power ia two ix '.hait p iniions to a i gI e boll gear that
rotates at I13lii rpm.i lo save wei ght the bullI gear wib tas many I ighteii ing holes and
the rim is cairefllyI taipcred to lilOVide inl optimum~ load distribit ioni across the width
of the gear tooth, Ili the higher poiwered I li2( eniginte thn ,econd sage gear teeth ;11e
designed iith high tonf~ict ratrio teeth. liii'. reduces tooth Ix adiii' bearing loadls and
gea r Iit,,s

Second stage -

flexible coupling

RGB ouputIF RGB input

Oupu First stage
Outpu gear. . flexible coupling

First stage
Second stage - helical gear
pinion

FIG. 2 PWI15 GEARBOX ARRANGEMENT
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-I GIAR COMlkONlINI S lRIISSI:S

In the design of advanced aircraft gear/loxes ,onventional methods of tooth siziI/g lave
to be abandoned because as gear component weight is redced, tie rim thickne;s support ing
that tooth is reduced and this call cause maximum stresses to appear at points di fferent
from the cri tical fillet stress location. It is important however to keep the highest cri-
tical stress at the fillet as broken teeth are less damaging than riml fracture.

In sizing gcars, three basic tooth failure criteria have to be considered:
a footh hertz ian stresses
i Max imum fil et (bending) stress

ci looth scoring

ihe ohjective in any gearbox design is to minimize each one of these stress indi-
catolr;. Various wavs can he found to limit them, although ll approach ro reduce the
hertzian stress for example might not always necessarily reduce the bending stress or
the scoring probability.

As the gear tooth contact takes place at high sneed the dynamic effects of the im-
pacting teeth, component winidup, inertia and machining errors must be addressed. It is
essential that before any final optimization of gear components is carried out the hasic
tooth to tooth dynamic loads are calculated. Because three stress parameters should be
satisfied, very few gears call he said to he properly optimized.

5 GEAR IIYNAMICi I/OAIDS

1/ear dynamic loads are a function of the overall s stem dnamics and certain assump-
tions have to be made regarding the effective moments of inertia of the interconnecting
shaft and gear systems, the da nping ratios in the teeth and the tooth spacing, errors.

[here are man' other unknown factors but a computerized analvsis has been developed
by lamilton Standard and this has been described in detail in many other published naners

(ref.4,5). This method is proving to be extremely useful in enabling tbe designer to
establish the basic dynamic characteristics of the gearbox and determine whether critical
frequencies are generated in the running range of the gearbox.

If an analysis shows extremely high stresses due to resonance, steps are taken to
change the stiffness characteristics of individual gears by usiing damning rings or change-
ing the gear geometry. Another option is to ensure that the gearbox is only run outside
the critical speed ranges. Fig. 5 indicates that the PWIIS first stage gears run outside
the critical speed range, which are predicted in the range of 3000 and 7000 rpm. The
pimion speed is 14,/l0ll rpm at idle, 17,080 rpm at cruise and 19,987 rpm at take off.

2 05 0 0 - P 1 5 0 0 S E 0 0 0 ,

K, 

t756 
/m

S450 RPM 19,987 S 00/

-SE 000 Dampimg ratio 005

leffect mass) 0

Hertzian 230 Hertz 350

ess Dap"'g 'ao x0 KSI 300KS1 210 000 M 01092kb , .h

1 tu'semeC = Cii Can8 1 pe 19987 200-.

1t 2 3456 80 2 3456 0t
Pinion speed. KRPM Stifness rain. K/K.

FIG. 5 EFFECT OF SPEED/SE ON FIG. 6 EFFECT OF STIFFNESS/SE ON
NERTZIAN STRESS NEWITZIAN STRESS

t'he data shown in Fig. 6 shows the influence of mesh sti ffnens/tooth sn acing error.
In general, an increase inl spacing error results in a hig:her bertzian stress. As cuirrenl
gearbox quality standards assure tooth to tooth spacing errors of less than /11/0l2 inl.
"the maximum" expected hertzjan stress is approximately ZS0ksi.

An example showing the sennitivity of the stresses in the gears to stiffns rat inis shown in lig., It indicates that as the stiffness ratio Iibove nominal gear tooth

sizesi is douhled, the berteian stress would increase from I8SP to 2ISlks or, approximately315. This indicates a relative low sensitivity of stress as the components are either
stiffened or made more flexible.

Th data... shw in Fig ii shows the in lec of mes It fls /o tRe rr
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cycl . The fslho ses buteildes ute illetpa t ea tipofoth arv is r' lt

then flattens as the tooth mesh goes through the two tethI contact phase. It terl rises
again as the tooth rolls through the pitch where three teetih are ill contact. At tfins
point it hears the largest percentage of load, and tire adjacent teeth are loa1ded it thei
tip and root respectiveiy.

The use of ICR gear results in a hitIgh cyclic change ill totrquie a, thle load s pia ed~
hetween 2 teeth in contact to 3 teeth and hack again he fore disconnect inrg A notchr 0cc lir5
in the load versus contact ratio curve. fhis is shown in Fig. I' which compares computer
results with that of a photoelastic test.

the ise of IlCR teeth cart g iver a tooth width redlict ionl of as mutch as d0l ore r IR t tri
and results in a subistantial saving of wi<git

7 GEAR COMPONENT OPT rimi ATION

pireviously mention was made of the need to carry out very extensive stress calcuila-
tionts on gear components to determine where rile highest stresses are in tootih, rim, webs
and shaft arid to properly evaluoate thre ranrge of stresses. Where low stresses are forundi
material can ire removed arid weight savinrgs effected.-

Finito elemen~t metihods are uised entenisi vely to ensrire that there is:

(a) An utnderstanding of the tooth load distrihutiorr across tire toorh face width. Vhio
i s a frincrioi of rim geometry and welt sti foning. It is also a funrctionr of thre sisal igl)-
metit hi tween the parts. (i) Thlie max i mum cvcl i c stresses are cal ciiiatedi for irs thiat
inave lbnen opt i mi zod for weight. The welt is sized firr 1:I arid lICE

Fig. 13 shows the 1:li methodology that is used to properly evaluate tih' tooth load
distriblution across a face. initiallyI a 315Ff7 attalIyS is is rised o determinto tire stiff -
ttesses of tire teetih in sl ices acrtoss lie face . Titese st i f-firesses are then Er' I int a01
21) El: anal ys is that rises, a node track intg system to prevent tooth cotntouirs ro-nrg rch
other. As two nodes record tensile forces they aereleased Mird the calcla t in rroue-it c
unil an .veral I force balance is aci veed.

' Pitch line 400Key *zero rnisalign
Key0 in r mrs,

350 05 in tIn ms

Load intensityN01sli 
s

Cetctn Cotatnglie

303 surface cooltact 2D3 line cot act 2(00

IEqaivalent stiffness in a finite number planes normal to thre teeth 00 05 t0 1,5 2.0 25
2 2D3 contact analysis program is used to determine the contact boandary Distance along the face width

conditions hetween the nodes

FIG. 13 FINITE ELEMENT METHOD FIG. 14 LOAD DISTRIBUTION
FOR LOAD DISTRIBUTION ACROSS FACE



-g. st hlo ws t he re, ii I t , Ii c a C I a II Si '51I5 i I I1is teli.liIiUe for thle 11
flt o:1r )r aIi igl!Ied 1 t Veeth, a Ht 1' tit 1W It 1th 3 rr iolls1 m itli 1t s aof i iaI jlimellt h1 sip a oI

co tcWoI W C i t "W" slia,,i, nh i cli 1 1111 1-01t- the 10orlilla I peak iif 1 0 l 1 t f es t ot rd
the cent r o 0F the1 gea r due to Weli sti ffiies, :is well is pieai ing o F s t ress t oiard.s the
eiids doe to edge v I fect

Ciihseifii'it 't rafo gaulge teost ing w i Il Ibe coindiucted to calI ilira tec whether tis effect
is "teal"' a n jiomlt IVof- the 1- 1 rogrtamn.

Oither FlI computer programs are hei ng USed at lliC WlicLi lit iI i Ze A s imilIar method o f
niode t rack irig on hielIical gear meshes and fi gore I15 shiows tesill ts wh ich i id icatv how a
hel ical gelt i s loaded at anl i nstant i n t ime . SUI)iliseqiit WOT-h will1 develop the method
to predict hending stress fliic:tLJtioiis as the hielical gears, roll into and out of mesh.

L oansiga pair (if

Load oni gear pa.l (2)
(43%' togae)

Load nw gear Pal, f3)

FIG. 15 HELICAL TOOTH LOAD FIG. 16 FIItTE ELEMENT MODEL

DISTRIBUITION FOR BULL GEAR

O~ther features of' the gear compoieiits must he optimii 2ed For minimumn weight and
diirabiit ' it. Fig. If, shows a FL. grid used to optimize thle wells fil the hull gear. ('he
twol idler gear loads are applifed as showin in li g. 17 with a geiierafed torque reacted
at the huh, Fhe tooithi loading is sdistriiited acrtoss the teeth accord inrg to the max imum
enIcul ateil mi sal i gnm as i nicanted prtevioiiisIy.

Spec i I i ca I Iv fout L e lemeiits atre folund to esxietieiice the miax imlm cclI i c s tresses .
they aire at points A, For nioides 5t , I, and 10. Tnie stresses are shiowii in tiqg. Iff.

Stresses at crit-cal elements

r,- *i, 71i..

ii i S1 . 1 .10 i

Smost critical ss I I ii ii Ii *i
elements Se 7r~ Seg 1 7iLi i
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Exnaminhat ion of the talile in 18g I i niicates that tii'i f-:it ijU tueenIciilitfilns are
cart-i rI out to accounit for hoth a low cyclei fat i gue toil a highl cycle fatigue contii onm
at t hese rtitical localtions. Ifig. l t indicates tl estress cvcde It the locatious, is
te 11 1,uIj I gear to I Is f i to aiu ot o f -ont i,-t ti h t Ire i h111 e -r. :10 1.- 1' ,o 'S 0

ri i lii ci iv tii 1 o, itii(i -I 1 s k hi )N 15 w h e it i is c i r ciit i frecit tal ia v i n sevI!m eri t
Hie rt' it is at the liottom of tire itl Igear rotat ion f(ee I g. I - nd t ransfert ing 1 high

tangenlt Il l Ioads f rom tfime teect h i n to t Ire wehs anl i tto t fe hull
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HCF GOODMAN DIAGRAM

)his 33333e:3 l(. ,,t -;tea:d s t ress 3 ed in combin a ort i0 ith a high c*c e stress is Found

hv trarnsposing the lt l cycle stress ill (itt. in to the 3 axis (i.e. 16 ksi). It is then

stl33(cq33333 t l r e i34 i 'I.21. ]hiS is essentl4]]%, to tale in( to a33Counlt the extra dalmao e
that results ,I, l(*I is Cominred 1ith I(71'. Although this is an apnoroximate method auid
is (ebated by 33,,,3 tr'ess allal 1sts, it d ocs ho330c a To a ona 31e rat iola10 belhiId it, inT

t3,3i (t toriverts a 3]-milximum I Iictlat ig est'ere ifTito all eqti\'atle it stead1" st ress for
f the r h to c in t Ihc I(CF oodma i33P 3443ram.

fi( results ie ti3mmalri3 t c in ti e table show n in I ig. 18 and plotted in Fi . 21

3 33(l 1. I NC ,.-\[ND ' IAFI PI, I (:4N

Other mtjor items tha3t rell e carefult design3 i3 ;3 gearb(ox are sllch item as3 COuL3 -
Iings arid fla3ge design, ig. '2 showrs one of t3e arrangements considered in t h e second
sta g e (h3ll gear d (si3n tht ;31loi, tie propeller sh t-t which carrie l:trge 11 moment
from The propelle r, to flex 3nder these loads Without affectilo fill, I'll I gea r.

rh, arrangemen3t of ;I fixed spline (oi the propeller shaft which in turn carries
the o0tpt or torue through a floating flexible shaft, thoug1h complex and adding weight
to the gearbiox, nevertheless has file merit of aliowir 3 maximum flex ibility' (heti.en th('

fliis arrangement generates some addi tiona l moments (file to misal ignment between
propeller shaf t  13li30 3nd the bull gear sp Ii ne. The misal' nment i s made up of three

component, a) hearing int ( rnal clearance, ,) thermal difference and c) hasiC maChin0in0 3
mi 3ali 0nment. Calt3uilation, sho34 w the t com 1ned effect 3ould he 33s high a .no ra,!Ians.

I - - - I Iwn
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.\reas where ac tualI fret t i ng fat igue cracks have heen generated are coIiicident wi th
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I ron nlliv tests; oin actua Ipropel lei, sha fts anll hiihs a coinposi te ding am hias heeI
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DISCUSSION

B.A.Shotter, UK
Do you make a different approach to the design process in the presence of fretting when using lubricated or
unlubricated components?

Author's Reply
Yes. Lubricated couplings do not experience fretting. In a test rig with identical parts one dry and the other wet under
the influence of a moment, the heavy fretting was completely diminished when lubricated.

The fretting fatigue damage I was referring to in my presentation was purely the case of flanges clamped together with
bolts (under moment loading) with dry surfaces. Fretting damage is likely depending on the three parameters
mentioned and if these factors are high, then fretting fatigue is likely.

D.Berthe, Fr
In the gear dynamic analysis, is the damping coefficient calculated from squeeze film, structure damping, or is it
determined from experiments?

Author's Reply
The damping coefficient of 0.02 is structural damping. This seems to be a reasonable number that relates to experience.

H.W.Fer'is, US
Service difficulties are currently a problem on the clamping of propellers to flanges and spiral bevel gears to gearshafts
where the working stresses cause fretting on flanging surfaces and bolts resulting in fatigue failures of bolt heads and/or
flanges. These are corrected usually by increased clamping via more bolts or a decrease in deflection by using thicker
flanges.

Are these two common failure modes related - one wet and one dry?

Author's Reply
I am not familiar with the bevel gear problem. The propeller flange problem of fretting can be solved by increased
clamping. The A45!A65 engine has experienced some bolt failures in the field. This may be due to inadequate bolt
clamping. The I P aerodynamic moments on these engines as calculated and measured are not sufficient to cause bolt
failures. However, other vibration loading not to)o well understood could be a problem and should be investigated.

Fretting fatigue is not a problem with A45/A65 engines as the design of the flange is such that very small cycle slip takes
place. Some fretting damage is inevitable on this type of design and is solved by shimming or surface regrinding or shot
peening at overhaul.
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THE HELICOPTER TRANSMISSION DESIGN PROCESS

Roy Battles

Chief Transmission Design
Bell Helicopter Textron

P. 0. BOx '82
Fort Worth, Texas 76101 USA

SUMMARY

The purpose of the helicopter transmission or drive system is to deliver power
from the engine(s) to the rotors and also to accessories such as hydraulic pumps,
generators, and air conditioner compressors. The design of a new helicopter drive
system involves an extensive series of tasks that may take three or four years from
predesign to qualification. Even after the new drive system is qualified, the
transmission designer's work is not complete. The designer must keep himself aware of
how the system is performing in the field to correct any service-related problems and
to further his knowledge for the next design. The transmission design process can be
divided into six major tasks: predesign, design, manufacturing coordination, bench
testing, aircraft testing, and field service support. A flowchart summarizing the
helicopter transmission design process is shown in Figure 1.

PREDESIGN

During the predesign phase, the general arrangement of the transmission system is
determined and the parameters that affect the transmission system design are
prescribed in a design specification. The interfaces of the transmission system with
all other aircraft systems must be defined. This process is not a simple one-time
effort, but one that is iterated several times to determine the best performing, most
cost-efficient configuration.

The starting point for any design is the definition of the mission profile. The
primary mission may be personnel or cargo transport, observation, or attack.
Infrequent transient torque applications may be required for high maneuverability
during nap-of-the-earth or combat flight. Or, consideration may be required for
repeated-heavy-lift or ground-air-ground operation for a cargo mission. Once the
mission is defined, the basic size and weight of the helicopter can be established.
Then the number, size, and type of engines as well as the number, size, and type of
rotors required to meet the performance goals of the mission can be determined. The
type and number of accessories to be driven by the transmission must also be
determined, and consideration must be given to the provision of redundant drive paths
for essential multiple accessories such as flight control hydraulic pumps.

Often the transmission provides the mounting of the rotor to the airframe. A
transmission that combines power from two engines may also be used as part of the
mounting system for the engines. There are a variety of mounting systems in use for
attaching transmissions to the airframe. These include rigid, elastomeric, nodalized
beams, and mercury dampers. The mounting system is critical in minimizing the
transfer of rotor vibration to the airframe and passengers. The type of mounting
system used also determines to a large degree the type of drie shafts and couplings
that can be used. The dynamic characteristics of some rotor systems require not only
vertical oscillatory displacement, but also pitch oscillatorv displacement of their
mounting system. Thus, the couplings and drive shafts must be capable of
accommodating changes in both angle and length. Additionally, the mean length of any
engine-to-transmission external drive shaft must be considered so that coupling
misalignment capability is not exceeded. A transmission may also interface with
controls for the rotor. Often, rotor controls are mounted on the transmission
housings or control tubes located inside the transmission output shafts.

When the interfaces with the engine(s),' rotors, accessories, mounts, shafting,
and controls are finalized, design criteria or a specification can be prepared that
defines the requirements that the helicopter and the transmi-sion system must meet.

The speeds and directions of rotation of the rotors and engine output shaft must
be defined. The total transmission ratio can then be determined along with potential
gear arrangements to obtain the required direction of rotor rotation and to drive the
required accessories.

The engine(s) power ratings must be specified. The ratings may include takeoff,
continuous, contingency, one engine inoperative, and transient. Normally an engine is
significantly derated from its maximum capable sea-level, standard-day operating power
to enhance an aircraft's high-altitude and high-temperature performance. Transient
torque capabilities for the engine(s) must be defined and controlled by fuel flow
restriction, torque-limiting devices, or the pilot.

The calculated flight and crash loads that the transmission mounting system and
transmission housings must withstand must be defined. The environmental operating
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temperatures must be defined so that transmission oil coolers can be sized and so that
lubricating oils and greases can be selected. Normally a military helicopter is
required to operate worldwide in temperatures from 219 K (-65OF or -54

0
C) to 325 K

(1250F or 520C).

The maintainability requirements for the drive system and helicopter should be
defined. Typically, maintainability requirements for the total helicopter are
approximately 1.0 man-hour of unscheduled maintenance and 0.5 man-hour of scheduled
maintenance per flight-hour.

The reliability or component life for the transmission system must be defined.
Additionally, it must be decided whether the system is to be maintained on-condition
or whether a time-between-overhauls goal will be established. Current achievable
time-between-overhauls are typically from 2500 to 5000 hours. Since gears and
bearings are usually the critical life-limiting components in a transmission, the gear
and bearing life in LI0 terms should be defined. Bearing-life adjustment factors
should also be defined. Life adjustment factors are typically used for lubrication,
material, material processing, misalignment, and speed.

The survivability requirements for loss-of-lubricant operation and ballistic
tolerance must be defined. Present designs must withstand a 7.62-mm HEI or 12.7-mm
API ballistic hit and must operate a minimum of 30 minutes at a specified cruise power
after loss of lubricant. These requirements place a premium on the use of tough,
high-hot-hardness materials and redundant load paths.

There should also be both an internal and external noise limitation goal
specified for the helicopter. The transmission system and accessories can be a major
source of noise for the crew and passengers.

DESIGN

After the drive system general arrangement and design criteria are defined in
predesign, the design of the transmission system can begin. The three primary tasks
performed during the design phase are layout design, detail design, and design support
testing. Layout design is accomplished by dividing the transmission system into major
assemblies and assigning each to a senior designer. If the assembly is a complex one
like a main rotor transmission or an engine combining transmission, an analysis
specialist and lube system specialist may be assigned to assist the layout designer.
The layout designer is guided by periodic design reviews by his peers and design
supervision. The layout is a comprehensive definition of the critical dimensions of
the transmission assembly. The layout drawing is supported by notebooks of
dimensional tolerance stackups, stress calculations, computer analyses, and other
design rationale.

The first task of the layout designer is to determine the transmission
arrangement. The layout designer must give consideration to failsafe design by
providing redundant load paths and clearances, to modular design so as to minimize

Nt secondary damage, to assembly and disassembly requirements with a minimum of special
tools, and to repair of components during manufacture or overhaul. Additionally, the
layout designer must make a risk assessment of each feature of his design and, if
required, incorporate into his design an easily achievable alternate configuration.
The layout designer may study several configurations to determine the safest, best
performing, lightest weight, lowest cost design. A transmission mockup may be
required at this time to finalize interfaces with other systems of the helicopter.

The layout design is normally started by sizing the gears and bearings of the
transmission and then packaging them in a housing. For the foreseeable future, the
type of gearing used in helicopter transmissions will be the same as today. The
layout designer will use spiral bevel gears to change shaft direction. Parallel axis
gearing such as spurs, high-contact ratio spurs, and helicals will be used in other
stages. Epicyclic planetaries have been and will continue to be used for compact,
lightweight, high-torque, final-drive applications. The gears are sized by high-speed
computer programs that calculate bending stress, compressive stress, and flash
temperatures for scoring. Gear rims and webs are sized by finite-element analysis to
minimize stresses and place natural frequencies out of the operating range.

Once the gears are selected and sized, the size and type of bearings required to
support the gears can be determined. The three primary types of bearings used in
helicopter transmissions are cyclindrical roller, tapered roller, and ball bearings.
Tapered roller bearings are normally used on slower speed shafting, since they cannot
normally be successfully operated after loss of lubricant at rib velocities greater
than approximately 20 meters per second (4000 feet per minute). High-speed computer
programs are used to size the bearings, calculate internal geometry, and determine
acceptable preloads for duplex and triplex ball bearings. Additional bearing design
features that may be considered include locking of races to prevent creep, using
bearing races integral with the gear shafts, and using special geometry to aid
lubrication.

The location, size, and type of overrunning clutch~es) must be determined. Both
sprag and roller ramp clutches are commonly used today. A significant difference
between the two types of clutches is that the input torque must be applied to the
inner shaft for the roller ramp and to the outer shaft for the sprag. Clutch location
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is a compromise between torque and speed. It is desirable to have the clutch near the
input, low-torque section of the transmission. However, clutches are speed limited.
Depending on the size of the clutch, roller ramp clutches are generally limited to
shaft speeds less than 8,000 rpm and sprag clutches to generally less than 12,000 rpm.
Spring-type clutches with higher speed capability are being developed for future
applications.

The lube system is sized by determining the combined flow required for critical
gear, bearing, and clutch contacts. The scaverge pump(s), if required, and the
pressure pump(s) can then be sized. Typical lube system capacity for a transmission
is 7.1E-04 to 9.5E-04 cubic meters (0.75 to 1.0 quart) per 74.6 kilowatts (100
horsepower). High-pressure lube systems may be required to ensure jet stream
penetration onto the gear tooth flanks of high-pitch-line velocity transmissions.
Present transmission lubricant filtration systems employ combinations of 80-micron
(0.003-inch) cleanable screens and 3-micron (0.0001-inch) disposable filters. Oil jet
orifice8 should be protected against plugging by inlet screens. Splash lubrication may
be used for simple, slow-speed transmissions such as tail rotor transmissions.
Consideration should be given to backup lube systems for failsafe-designed
transmissions.

Transmission diagnostic systems include oil temperature and pressure transducers,
debris detectors, and torque-measuring devices. Debris detector technology has
progressed from magnetic plugs to bayonet type electric chip detectors to burnoff chip
detectors. New designs are using full oil flow debris monitors with fuzz-burning
capability. Burnoff counters should be considered for incorporation into fuzz-burning
debris-monitoring systems. With the torque splits within the transmission system, it
may be desirable to incorporate a mast torquemeter into the transmission.

Present transmission housings are usually made from castings or forgings. Forged
housings may be required to transfer rotor loads from the transmission to the
airframe. Present commonly used housing materials include magnesium and aluminum
alloys. Magnesium is used in less demanding structural applications. Composite
housings and stainless steel weldments and investment castings are being developed for
future designs. Finite-element analysis may be used to analyze complex shaped
housings.

Present shaft seal technology uses a combination of elastomeric seals for slow-
speed shafts and carbon mechanical seals for high-speed shafts.

The type of drive shaft couplings selected and designed is dependent on the
misalignment and axial displacement that must be accommodated. Crown gear and flex-
frame couplings can accommodate axial displacement and misalignment angles not
exceeding approximately 4 degrees. Disc pack type couplings are used in applications
with small misalignment angles, normally less than 0.75 degrees, and very small axial
displacements.

When the layout design is complete, individual components are split off from the
layout and assigned to detail designers. The detail designer prepares the engineering
drawing that defines every feature of the component. Approximately 175 drawings are
required to define small, single-engine helicopter transmission systems. More complex
transmission systems may require approximately 300 detail drawings. The detail
designer must be capable of defining the processes used to produce transmission
components. Some of the items specified by the detail designer include the following:

- Tolerances within manufacturing machine and tooling capability.

- Gear manufacturing methods, including ground or unground roots, honing, allowable
stock removal after heat treatment, involute modifications, and crown modifications.

- Type and size of starting material. The material may be bar, tubing, forging,
investment casting, sand casting, or other.

- Heat treatment required, including case depth, case hardness, core hardness, and
maximum percent carbon. Most power gears are either carburized or nitrided. Many
other components are through-hardened.

- Shot-peeni-g requirements, including size, intensity, and coverage of shot. A

diagram showing locations of almen strips to measure intensity .,ay be required.

- Dynamic balance requirements and provisions for balance material removal.

- Allowable weld repair limits on castings.

- Protective finishes on housings to prevent corrosion.

- Weld joint configurations.

The detail designer must also have a working knowledge of many inspection

processes used for transmission components, including the following:

- Involute, lead, and tooth spacing inspection of spur and helical gears.

- Contact pattern inspection for spiral bevel gears.

- Radiographic inspection for castings and welded joints.



- Magnetic particle inspection for gears, shafts, and other critical magnetic
components.

- Penetrant inspection for housings and other critical components.

The detailer should perform a failure mode and effects analysis on the component
he is designing. The analysis should consider the likely primary and secondary static,
fatigue, and wear failure modes and list the features incorporated in his design to
prevent or mitigate those failures.

The detailer also designs the special assembly, disassembly, and alignment tools
required for the transmission system.

The detail designer prepares design process specifications for spiral bevel gears
that define the machine settings and tooling required to manufacture the gear as well
as the contact pattern inspection requirements that the gear must meet.

Computer graphics are now used extensively by detail designers to produce
drawings. When the transmission layout is also done by computer graphics, the detail
drawing can be produced more efficiently. Computer graphics are more efficient in
making dimensional stackups, performing weight trade-off studies, generating finite-
element models, and determining interfaces with other system hardware.

Although the detail designer is primarily responsible for producing an accurate,
well-designed component, his drawing is subject to a thorough check-and-balance system
of reviews. A drawing normally must be reviewed and approved by the layout designer,
checker, producibility specialist, stress analyst, weight analyst, materials
specialist, group engineer, project engineer, and customer. Additionally, if the
design is for a commercial helicopter, a Federal Aviation Administration designated
engineering representative must approve the drawing.

Design support tests are required to provide data to support and improve the
transmission design process. A major area of design support testing is material
evaluation. A new material should be thoroughly investigated prior to committing it to
production. Most of the design support tests are conducted using specimens rather than
full-scale hardware to minimize cost.

Some initial screening tests for materials include mechanical property tests
(tensile, yield, and elongation), heat treat response, impact strength evaluation at
room temperature and subzero temperatures, fatigue strength evaluation (rotating beam
and flexure), residual stress measurements, and corrosion evaluation. If the material
shows promise, further tests are required. Additional tests for a new gear material
include single-tooth bending fatigue, dynamic surface fatigue, scoring, hot hardness,
and fracture toughness evaluations.

New transmission system lubricants must also be evaluated. Gear tooth scoring
tests are conducted to evaluate a lubricating oil's load-carrying capacity. Crown gear
coupling tooth wear and temperature tests may be used to evaluate a new grease.

MANUFACTURING COORDINATION

The transmission designer must participate in the manufacturing process of
transmission components to fully understand how a component is made and to resolve any
unforeseen problems. After a drawing is released to manufacturing, a planner prepares
a sequential step-by-step definition of how the part is to be manufactured and records
this on operation sheets. The transmission designer reviews the operation sheets with
the planner to ensure that the procedure will produce a part meeting all drawing
requirements. The planning review also gives the manufacturing planner an opportunity
to identify potential manufacturing problems with the part and resolve them with the
designer.

Some transmission components, such as bearings, oil pumps, oil coolers, clutches,
oil filters, seals, debris detectors, transducers, and couplings. may be purchased from
outside manufacturers. These purchased parts are defined on source-controlled
drawings, meaning that only a manufacturer whose product ias met all specified
qualification requirements is allowed to produce the component. The transmission
designer must coordinate with the vendor to ensure the part corplies with the source-
control drawing requirements. Normally a vendor will submit to the transmission
designer a vendor drawing for approval. The drawing review process allows the vendor
an opportunity to resolve any problems he may have in manufacturing or qualifying the
part. Any vendor-conducted qualification tests and resulting test reports must be
reviewed for compliance with drawing requirements.

The transmission designer works directly with manufacturing during development of
acceptable spiral bevel gear tooth contact patterns. Machint: setting deviations from
the summary sheet are mutually reviewed and agreed to by manufacturing and the designer
and are subsequently defined in the design process specification. Spiral bevel pattern
development is a trial-and-error process, often requiring several grind and test
iterations until an acceptable pattern is produced. A desirable contact pattern is one
that at maximum load fills the tooth profile, just touching the top edge of the tooth,
but being slightly in from the toe and heel. Additiona'ly, the pinion tooth must be
sufficiently modified to prevent any surface distress fror. tip interference.



The transmission designer must also prepare transmission acceptance
specifications. Most major transmission assemblies are acceptance tested to gradually
break in the contacts within the assembly and to provide assurance that the assembly
will operate successfully in service. The acceptance specification defines the
schedule of powers and speeds required in the test, post-test disassembly and
inspection requirements, and the pass or fail criteria. The post acceptance test
inspection typically evaluates gear tooth contact patterns, bearing race contact
patterns, bearing ring creep, proper fastener torques, smoothness of shaft and bearing
rotation, and oil seal leakage.

Occasionally components are manufactured that do not meet all engineering drawing
requirements. These parts are submitted to a transmission design specialist who
reviews the discrepant parts and determines if the part can be used as is, can be
reworked, or should be scrapped. If the discrepant parts are reworked, the
transmission design specialist must define the manufacturing and inspection operations
necessary to salvage the parts. The layout and detail designers must anticipate rework
requirements and incorporate rework capability into their designs wherever possible.

N BENCH TESTING

A new transmission system must be extensively tested before it and the helicopter
can be certified and delivered. The bench test may be conducted on the complete
transmission system, an individual gearbox, or an individual component, depending on
the type of test. The first tests conducted are development tests to identify any
weakness or shortcomings in the design and to correct them by redesigning if necessary.
Some of the development tests required for a transmission system include the following:

- Spiral bevel gear roll tests are conducted using an assembled gearbox to expedite
tooth contact pattern development. Additional dynamic tests using the transmission
assembly are required to further develop the desired tooth contact patterns for all
gears in the drive system. Frequently, the gear sets must be redeveloped or modified
and retested to obtain the desired contact pattern.

- Gear rims and webs are vibration tested to ensure the natural frequencies are outside
of the operating range and to provide correlation for the earlier finite-element
analysis.

- Critical gear members may be strain gaged and rolled through mesh under torque to
determine actual operating tooth-bending stresses and to provide correlation to
earlier tooth-bending stress calculations.

- Bearing operating temperatures are measured by locating thermocouples on the non-
rotating bearing races during gearbox tests. Additional thermocouples may be located
in the gearbox to determine hot spots to modify lubricating requirements and to
identify likely loss-of-lubricant failure areas.

- Oil management tests are conducted on the transmission assembly to evaluate lube
system performance, including proper cooling, flow, scavenging, jet targeting, and
sump dwell time. Additionally, the pump(s) flow and pressure margins must be
determined and any oil foaming must be eliminated.

- Debris -letector capture efficiency tests are conducted on the transmission assembly
by injecting debris into different areas of the gearbox and measuring the time until
a warning light is activated.

Many transmission components require fatigue testing to provide confidence that
oscillatory operating loads will not cause failures. In addition to normal operating
oscillatory loads, ground-air-ground or start-stop cyclic loading may require fatigue
testing. Depending on the number of specimens tested, a component may be overstressed
from 125% to 200% to obtain a satisfactory level of confidence. Some transmission
fatigue tests that are normally required are listed below:

- Dynamic gear tooth bending fatigue test in the gearbox assembly at 125% to 140% of
the maximum normal operating stress. The test is continued until all gear teeth have
accumulated a minimum of ten million cycles. The test may require using an improved
oil and keeping the oil as cool as possible to prevent surface fatigue failures or
tooth scoring.

- Rotor shafts or masts are normally fatigue tested as a component rather than with the
drive system. Four to six masts may be tested simulating flight loading of thrust,
shear, and moment to substantiate the mast.

- The transmission housing(s) that mounts the transmission and rotor to the airframe
may be fatigue tested. It may also be required to fatigue test a housing that is
subject to oscillatory control loads.

- Drive shaft coupling flexures are fatigue tested to substantiate them in bending
fatigue.

- Sprag and roller ramp clutches are tested to demonstrate adequate surface fatigue
life. If only one clutch specimen is tested, it may be tested at two times the
maximum normal operating torque.

- Cooling fans may be required to be fatigue tested for start-stop cycles.



Static tests are often required for transmission housings and clutches. If a
transmission housing has an analytical positive margin of safety less than 0.25, the
housing requires static testing. Crash loads are usually the most severe static loads
imposed on a housing. Contemporary military helicopters require a 16g cras' load
factor. Overrunning clutches may be static tested to a minimum oi three times the
maximum service torque the clutch must transmit without slipping or rolling over.

Failsafe tests may be required on drive shafts and gearbox assemblies.
Contemporary military transmissions are required to operate a minimum of 30 minutes
after loss of lubricant at the cruise power required for best range. To demonstrate
the required 30-minute loss-of-lubricant capability, one gearbox assembly must operate
for I hour minimum or two gearbox assemblies must operate for 30 minutes minimum during
bench testing after the lubricant is drained. A bench test may be required to
demonstrate that a drive shaft will transmit adequate torque after being ballistically
damaged. Additional drive shaft bench testing may be required to show the shaft will
operate safely after a flex frame or bolt failure.

After the development bench testing is completed, a preflight bench test of not
less than 50 hours is conducted on the transmission system so that flight development
of the helicopter can be performed concurrently with the remainder of the transmission
bench tests. However, for safety the helicopter flight development operating time and
power must not exceed the time or power of the transmission bench test program.

A prequalificatioc. bench test for 200 hours at powers up to 125% of maximum power
is normally conducted on the complete transmission system to identify any weak aruis
remaining in the system after incorporation of the changes required by the development
tests. The prequalif-cation test is not a must-pass test, but should provide
confidence that the qualification test can be successfully completed.

A 200-hour qualification bench test at powers up to 110% of maximum power is
conducted to certify that the drive system is sufficiently developed for production.
The qualification bench test must be completed without any failures or excessive wear.
A failure during the test requires a penalty run to be conducted after changes are made
to correct the problem.

AIRCRAFT T'STJNG

The transmission system must also be extensively tested on the aircraft, both tied
down and in flight, so that it is subjected to the interactions of other helicopter
systems. Prior to first flight, a limited tiedown test, normally of not less than 50
hours, is condlcted to release the aircraft for flight. The first flights are used to
evaluate handling qualities and performance and to expand the operational flight
envelope. A load-level-survey is then conducted with an extensively instrumented
aircraft to measure operating loads and drive shaft coupling axial displacement and
misalignment angles. The loads and coupling data are used to verify component
analytical substantiations and to correlate with previous calculated load data. The
measured flight loads are also used for defining the test load spectrum used in the
ground run qualification testing.

Vibration tests are conducted to determine drive shaft natural frequencies and
ensure they are not within the operating range.

Cooling tests are conducted to demonstrate that the lube system has adequate
cooling margins to operate in high ambient temperatures. Additionally, very low
ambient temperature tests are often conducted to demonstrate proper transmission system
operation.

Acoustical measurements may be made to identify sources of annoying noise and to
determine acceptable attenuation methods.

The final qualificaticn test is the ground run or tiedown test, which normally
lasts from 200 to 250 hours, depending on the helicopter configuration. The ground run
is primarily a drive system, rotors, and controls endurance test to demonstrate
reasonably achievable operating intervals without failure. The drive system is
typically cycled repeatedly through a 10-hour power spectrum consisting of 50% of the
time at maximum takeoff power, 10% at 110% maximum takeoff power, and the remaining 40%
at maximum continuous power. Additional tests, such as rotor brake engagements and
clutch engagements, may be included in the ground run te t. The ground run must be
completed without failure or a penalty run may be required.

FIELD SERVICE SUPPORT

The designer must keep himself aware of how the transmission system is performing
in service so he can correct any service-related problems. Lead-the-fleet inspections
are an effective method used by the designer to gain knowledge of field-service
performance. Lead-the-fleet inspections are complete drive system teardowns and
inspections performed by a design team on selected high-time aircraft . The lead-the-
fleet inspection provides data so that rational inspection and overhaul limits,
component replacement or life limits, and reasonable transmission lubricant and filter
change intervals can be established. The designer also helps prepare maintenance and

overhaul manuals.
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Li ,Oite c-hm-lioo ninimum doit poonot too Jr, oapport tde i-Oooisoemont stiffisanS tandis qir In srnro dos deport-,
"'-A isleji dams ii o, fou-otitto en- posy, 1iiiant suit Ia teon on rsuptusre, oit le rapport do os~ditoe.

IrT inont dot; proroannoi rio iroleoul do I~ ot ~ra Oin ciP iwortriao 1] pout iPtoe rdcssor d' avir oooos
ssprorme do i- a Lou], irirrtatiquo,, no tinnont puto tll tossains p lantiltiios, drs ho Put dsn ooniiait00 0000
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Heli1copt er transmission limes Between Overtauli (T.B.b's)
appear to be Surprisingly low but, even so, Mean Tines
Bietweenr Removal (M.T.B.R'sl tend to be much lower. Causes a1
early removal are varied and do not all, oy any means, re-lati
to Tritoigical prolble -ms, although cost analyses S ugges-t
strongly tthat it ttie bulk ot Suet, pr o blet-ms coalol be

eliminated, re~dact ions in annuail helicopter owne(rship costs,
would to. very sas tant a indeed. In Snort tee train key to
l owe r costs lies in improved mechanicau eioiiy
Research, s uppor ted by trials expeieince, sugeSt S tlat ,
provided a gecarbox is tree t emn de~signl dt ti inci s , thi
replacement of a gas turbLine oil toy a suitaolc qear ,ci
comblilcd With 3 ALM absola t to I fitra tion would reisul t
appreciably tigher T130'S ando enr.nced rel iabi Ilty. To re0 '
existing Th30s would appe-ar to he a re-alistic targeit. irLo
filtration on its own can impart well worthwt. ito imp roe m enete
and can readily Le introducoo oy rotroi it action.

This 1pper brie I ly decscriots the hacky rouno rosearce -d:
trials, x.erienc(- that led to tlhe aop t Ion A) t il5<
filtration. latowver, the littirig of suet, a unit in) itsel is l
insutficient. To be, fully elti,-tlv- it is impi rativi tt at
the- gearbox starts otf I t e t. ian,. St [fass I Li
Corditi1,n. Ti:a ahie 1, la s mi nun re~visingq standardi
1 roituct ion me thists

S:-Ilicrlte-r transnission work ha t. Iaat intel i till'] stat'
in its esoLutionl in ttat res'aith e

1 
dt- t i l il t-L e as

1 5 yeaS 1i in ni q I , atL I, it TUOtti I11 I t faaeil 0U
w itth ill t to fersieat Ilo . t ut' a nie -' iN i x s IaII in o tte "Fit

as:l fo(rget" eltigory where- they ii Ii~q

It is tilt always jpl-it- usit few Muet, nor, in1:itailt ar' iltwolL1,1i:14- consiiiiiaficns
-I a tfelico t fral~sissien Wotae itt. tie;'-f 11 ) 1 in lDIgint-. irni-ilgini- h,,iluri iS
irn. y more, than an tmiarrasmi-nt, <-n in sititli- (n9:10- alitcrla, w5,1' is a tlizclt t
gearbox I ailurf is3 str ious tie-e,:us, it cali, So ri-a ilv, rt:sul t in a fataliity. Sinail, hi-i

1includes a ofu- i1 irworlt in,ss Statistic!; iolAtinq te0 ho-liCitti i tial'ifissioll. 't-,
1 ictui e t-e 1aints ii g lioimy . Htis s tudy r'-v -aj:I tt at "Truner-i. iu ol ad Rotor systems sake-
a ma'or contribution to rotor craft accide-nt rte-c:an': tt~at imr ii I y at le-ast one
order Would hi: regAu irod tar rotor erafIt to ac:1 100- tte( saime 1-v, Is ls I ix-se:wino
aircraft."

Dar ing re-cent yea-rs attention las been tocusid on the- h i'Jt coets )I -)e rating tw icoltts.
Again, eompar.-d with fixed wing aircraft the price- teat has to t, I~ aii for tie convenience
it vertical flight and hover is so high that the civilI narkit is nil wt e ilir alpl rua ctingi
its potential and is unlikely' to (to SO Lini i I ieral I costs :ar: t1e sui srani ial :yi ei:-tl
Transmission and Rotor Systems account for mucti of tI- atar -t ly t igi Ciosts Of 111 inj
a hel icopter. It seeQms oem i ous that were- it tract icabIc. to i neri TB' t ti an~sio i:
assemblies, to briing them inure closely into line, with engjine t iatii , Vy wclthwtiile
savings coulit 1bi- introduce-d.

AlthoughaTBO's are" re latively low, a supiigtl:Ir tr15olfa iilasin i-
mttelr early failure-s ano hve to be rcmelvd r,-mattiiyl M 13t1's al ow 11, re at I I to

s.G ' nc-tuel t .i e ar invarialblIy dt i Stul-t is and, c t ,i (

Imp1-ro d r i- I Ia hi1i1ty of transinissiion leading ti Ia up- ,r 11saplil MTtHR a -niq Wi ti, I51sf
i ml-ort a n tIy, ,'-l rhuce-(Iit airwor th i ne-ss wo ulId aJpea r to tie al 'n ' i s ,t Il I t-ilt' t.- It is -I1 t.
intint of teas jap'- to Iri-sont to,aij'-i cost aijjii 1 -, '-,- wi I'i !I'll .15 ilil,It



DISCUSSION

A.Watteeuiw, Be
(1) What is the experience with the results front d ifferet methi ds: lS( DIN)1. ACMA (I orI lertjt i iOt11tCt pTCSSii I C

and tooth root (betiding) strength )?

(2) Are your programmes still vlalid wrhen the , alue if the factor I . exLCeds 2

(3) D~o you take account of the surface roughness oni the flanks and riots of lie iccii Ini yt Or p1 ofrIrTuTIles fir
calculating I fertzian conttact resistance and tooth Ii oii (beniding it[ sietngth.

Author's Repl '
I Ihe results Obtaitned by the different nmethods shim si me differences. ii tbix tin the maniner tit k Ichi he I here Ill

materials and (tecat) treatIiteits are handled, For exanmple. the itiriditig iatiiclts are haildL diterviiifs
folloiin g the specificatioits used. IDeterinatiiit iif life is also fhandled difftit in itablN for sitrhice pressui e N
cioncern% the faictors related to geoinctry iif the itiesh xl nie diflerctiecs can itN ils fiix p.C icierall% these
differeinces are smrall.

2f " hein F, exceeds the aUl 2. the prograttine folloxs the indicationso it e lie nirtal cr iteri. lDiseiistlii sfiOId
rather hear uin the validity of the itirital criteria for this ease. For the LIN nMII actor 1, of lie ISO) nmeihod the
effect if daues of the factir F., is > 2 is takeni intoi accouint.

13 1 Ihe aIlties Of surface rottghticss tit the flanks anid ri ots if the teeth are akeili 111ti :II t iti ifi pmC ra~rItini. ( IIi
he Other hand. ii) Inidicatiotn is furnished ti the spectficatiotis tin tfie miethodt for nicasintg tfie surface rougfiticss.

Iterpretantiiot is therefire subiective: and iii limits )i surface riiughness. its at lunentit i tethod of fiiitshttte
anid if the dineins t il e CliTIIiitCietin. is pios dLId.

B.R.Reason. UK
I ),ovs Noutr proigramnmie predict tc Iticahised tetiperatures ti ftc conitact /otte o litne basi ile tliafi octprtr f
the lithricaitt aitf lie likes surfaCe fttni alter runitniI

If ,, Im xxi stilling criterionii (fto %i it 1POI ip itid %khfat eXPier1itIteia %Mcifiatiiiit] as oll ItIIdC liii the baiisif tittie
Noirk aid field experitce

Author's Repi
Nte hive put into ,trit. rgratmmte both the Itegral tettiperiturce thod atid te tiiiif iof flisli eiiratiire. I he
t irrelatiiiti ficisei (lie results if these calciulatio,t antife exattples ill sctiing ti industrial aippliaiisn ire ihiffici
It, esiabhisfi it presein ti lix eert if II (i6tat ISf1 arme i isetisg liroittlliIIII (oh a future of Mthodhf i ealtili fhiat
Could be USed itertinalx Al-o the iriierainnte "fInchA he fuse felhiped ti this areai ireC utihiseh in CI I I NM. bit
li es base tilth bCC ui oi ntite-rciaiistlII Ii Oidiu s at this tii I hati " iiitld be d;iittteiitts'
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CADOR BASIC

Donnven di, (lav,;r projet

diun engrenage ~ Ii on r 3u

Tde I engrWOnNmnt Calcul ds i .,
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LeE ddveloppoments rapides des noycos do CAO ot [)AO et leur utilisat ion dons; los; bsoUa 'C ijs'I

mdeaniquL permettent on gain do temps, do performances, et do Fiolbilit~f. ions n ateoir piotiho, lIt-
liaisons ontro banquos do donnios, outils do conception et outils do production, rendues iiosllil
tous, perinottront do s'affranchir dos tlches do calcul proprorront dit pour dJorintr lsc piit tic ciiln
sa veritablo dimension.

Le logiciel CA.D.O1. We pas la prdtontioi de fournir actuollomont toss les 6limonts stiles 6 onfilu
do bureau di6todes. Il marquo copendlant une premi~re dtapo do liv\olotion dos, terfinIqoos c~t sellos; de
concoption dans lo domaino des ongronaqos.

Qui peut utiliser CADOR BASIC ?

GADOR BASIC a ete contqu pour aidor les ingdnieurs el techniciens de bureau d 6tudea a calculer lea
engrenages.

Son emploi ne neceasite pas de connaissanice particuliere o n nlormatique 11 lbore le projeteur des cal-
cuts fastidious et lui permet d esercer pleinenient sa creatmiit et son sosoir-faire

Lea rdaultats qui lun sont foomnis lui permettront

- do donner dcg indications prbctses a Iat~ier,

- de tournir au coromercial certainnes donrudes ies utiles.

- do rddiger lplus facdiment les notes de calcul gui auont de plus en plus souvent demandees

lip(

:X

[DE

[A- B

CADOR BASIC FIFURE 1
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L'osplot do mat~riaus avec traitoent do durcissenent suporficiei pout donnor lieu 42qalesernt & des
v6nofications concornunt I16paisseur do ta couche traitdc et ten uatoUrs do duret6 au seir do cot to
coucho.

(es principolon cdthodos nuimatisiios ot d'omptui international sunt

- Les nurses MIAfl

- Los nore ISO

- Los nore DI%

lion souvent, to chain do la c~thode c!t dictdc par Is client dust tonxpdrierce aver utitisatios do l'une
d'entre elton, tui. facilito ion cusporaisons ontro rdnuttats. Ein effet, certoinon diffrencos pounont
apparaitreuu niveu don rosultats ostro los ditfdroriton c~thodes. Elton nonE duos tddroftlesont B den
divergences darn to priso on coepto don porisbtron d'inftuenco ot notussent to cospartosont Pon fatriiue
den sattiaun.

to coriceptoui a bosomn dovoir us 6vestail do programes pour utitinor ton cAhodes Ion plus uduptlon
acu can truit6eot etfectuor des cusporaisns over don appuirojin enintasts.

PiT-reso nurses Atlid, la c~thode q~n~rulo Z18.01 out use rdvinias rdcoste des asciennon nore 2103.02,
211.02, 220.02, 221.032. Dons ceLfe nurse, ton fanciculos d'apptication corrospondants 6 desi utitisatiuns
hion spdcifiques desoncnronaqon nosE utitisdn do pr~fe'snco 6 la noise gdndrolo.

to projot do nurse q~ntrate t1t (015 6336) cosprend 3 c~thodes do base dust Is cosplositdl cut function
do lo prdcinion ddnirde nor le rdnuttat. Dos Eunciculon doapplicotiuss spdcifiques exintent 6raltoent
autoubils, sarine, ... m ain seulo la nurse qdsrotoal fait Esi en con do titigo. Len nurses d'oppticotcurv

nptdcifiquen slcartont ossez torgesont do Is nurse q
6
n~rale.

Lu nurse DI\ 3990 out ussoc proctre do tu nurse ISO donn sa concept ion Cain prdnonte quetitues diftdronces'

EuCtoor do force YF pour ton dentures hdticoldutos

I octour do correction do to prssios Z onte t point pricitif et to point do plus bus contact unique W.
pour ton pignons do coins do 20 itonts).enr

to nurse DIN pusubdo OAutocot plusiours doqjrdn do cosplositd suivunt to prdcisian rocherobdo.

In s ronco, to nurse AENtil E23015 correspond 6 to restriction do to noise ISO pour ten oeroneares do
mcacniquc qeserute. to vitosso lisA'airo dait 61c isifdriouro B 5t0 s,'s ot to turgeur do denture no pout
enc~der deus fain to diucLtre pricit if.

toappLicotiun do con ditfdcentes c~thodes de cutout tIj us osocpte cancret ott ostrhccnent difticito si
on so dispose pun d'vs sayen infarsutitue nor toquet coni praitrnmscos east ciimcoci'eis. 1t suft it do quetques
ninuton au loiticiol CA.D.01. pour ddftorciner la puissusce trunnninsscte por us onqcenuee 010,1 1 'use
tluotranqun do con c~thodes. Cr

8
co h cot to aide it ost ponsibto do r(ipocetro rupidocontf b don uppts duoffces

cf figuro 12).

( OLLPttD\ ASStItI t PAP WhNW\AtW, (C.A.0 P~ductours)

Nji to calcul autasat ique do to qdustrie et do disonsiosnef-ost deonresrjoses en*t usn Alocest important
no to concept ion don rdct corn, ten; utres ucqanesn s~Acoiques castenus~ (tans con suldriets dolvont
(riotosost ftro ddtersin~rs par cutout. loe Icaco pour lea rootecests3, to osrbres, ton corps do roue,
tore curli-ers, ton dittdronts typos do I jlson 'ntr rouqanes ndcessitent oussi clot cutckits t rot taqo.
czicrootures, cluvettes, cotliqe.

1 c~tion ropido def; taiticiots do dossis s3ur A.crus et sur tble t roqote, oc.isi quo 'ececbs N don
nqoonet dousJnns, donno au cani opteur deo ee its tc~s porfarsunt n qui pornol tent do Euiro to synth~so

eiculttonee do nosbreunes, infurnotior ot do lonico oinsi vein one rdulistotn optisis~e.

I W, 1 cooon oct el0 ;t; or to t1ictl C1.11.06. uortost nor to coUptaqo ovoc don programmes do conception
(crereit~v par ordisuteur et do dossir ossintd poe ordiniteur, upptiqu~s Co nosemese rtdurtours. Par
'noeptoe. 'io s6rie do dosnins; do corters do base sns stackL'n nor oin fichior; to progtramme rappette tour

'eun a I 'Ac-run pour itue to coneepteur puise y appartor ten codifications tenant coepte dii colijer (ten
hargqo, (finaltion, oncombresont , posit ion par ropport h 1 'environseenst '. to itesin du nouveau curtor

pen eutur'; Atrs obtoso sur tatite t roqinto isc~dtotoeset.

%owc; usunre reerodunt soon, torso d'orgasi1granne, to structure d'un esoshl do "Concept ion dnsxstto par
Ideinateeor" totte quo sous to conceouns pour to r~alisut ion d'ensosblon r~duc ours ou ccitt ipt icatourn
t' nitonse, opant dto to puissance h transcettro IE figures 13 ot 14).



MILDE DE LA F INITION DE LEFNCRENAGE

De plus en plus do rdoiisoiions industrioites de gx-ando porformance ndre sxtrxl t toret to t do,. dentures
des enqirenarjes, en function de la vitoose die rotation, do niscait do thox-tre, it ties d6foxnica tons des pibcos
ent fonct jonnement.

Ces correct ions pooveet 8tre

Tcansversales x-dkpooillo do fteo

-ddpouille de pied

tonqitudinales: - bonb6 do denture

- d6pouilleo dleotr~nitO

- correction d'trdlice

ol Corrections lonelitudinaleo

Chaque lirjne d'arbre do la choice cindoatique cstodide peut 6tre nise en Pqoil-aro stat iqite.sius loction
dent efforts prosenant des ortjanoo notoor et rdsistant, et to rdaction our ses appois.

La structure cot diocrdtiode par to ndthode des 6ldnonts finis par to progranne CO.St.iif. Cotrut des
Structures par Urdinateoci mis au point au ClLSI. Leo paliecs soront modhlists par Lips conditions do
blocage oppropridos et los efforts oux entlrboxenento sont oppliqods dons; too tcois directions do Itt-a
(of figure 7)

Leo efforts senit dtcooposes par le prouiruone ext sorie de Fooriso ot. to solution pour la tdi o-ce do
I 'orbre dons n' inporto quet plan est aitonue par recoettinoison des rdsuttt rorrospondrxt a i ritaxfo
hornonique.

a connoisonr de tu ddforode, ototique de choqci aritre pox-net de lorcatiser Les onttts so Ia ptit
des dents est pcdponddronte. Par ditffrence olxjtbrtqoe des ddplocenents h ohaque exsirhecit do Ir,
denxture, doans te plan radiol ot tanqentiel, on net en Osidonco leo surplus die insh~re oeto culta - t
I offectoer Poor obtenir one rdpartition optinale do to chtorge. (of fixgure R et 9)

i~n(n-rotenent, on reporto toutes les ddfornat ions our Ito pignon ot soul celux-ri ost corrixI6 a lIx
rectification oni donnont one force honixdoe 5 to denture 6 toaido d'one cane ou en nodifiaxt tout' resortt
I 'onttl d'trdlico. Cette opdrotion prtsente en outre Ilosantaqo tie roprondro leo ddfornationo, does oxt
t-roitenont thermique.

to procironni' CA.D.Liii. tient coopte de cotto correction poor to ralcot dix facteor de pox-ide ooittxt-
nao t.

b/ Corrections transeernalos

in ontirenatie over des dents b profit en ddnelopponto est one tronsmissior honor in~tiqoc, i 'osirtriet

tie ds pro:its conijoqods so faisont thdoriquenent saris choco. Prot iqooneni, i Caxtse dos orresri; tie t e,
ot do prof xl et b rouse doto latflnion des dents sous, chortie, it a chor Ij to pr ise d'en'r rixonix o
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the author. Improved airworthiness would tend to follow from better reliability, so
attention is focused on cost effectiveness at increasing TBO's and MTBR's. Possible
savings are considered on a broad basis to provide an indication only in order to ensure
that what appears obvious can, in fact, be realised.

CURRENT POSITION

Gearbox TBOs tend to be about 1000 hours for military and 2000 hours for civil operation.
This difference results, in part, from the less exacting roles involved in c-vil aviation,
coupled with the fact that pilots are more mature. In many cases civil maintenance is
superior to military. TBO's are increased, mainly, on the strength of operating
experience and this is acquired at a considerably hi hi rate in the civil field. (1500
against 300 flying hours per annum). Because 01 the many differences between civil and
military performance, for convenience, only the latter will be considered. It must,
however, be borne in mind that, today, both initial and maintenance costs oi a military
helicopter are only a fraction ot the total fully equipped cost.

Following the introduction of a new model, a failure pattern is established at an early
stage of operation and, always, there is one component part that holds back a TBO uplift.
Frequently this is a bearing and the question arises as why not introduce a modification
to increase the life of that bearing? In the past the incentive to fund such modification
action has not been particularly strong. The manufacturer cannot guarantee the success 01
any 1teration and this particularly applies to bearings. The Services tend to provision
for s. ires early on in the life of a new helicopter when actual or predicted TBO's are
relatively low. The result is that once having purchased an adequate supply 01 spare
gearboxes, fewer of these would be required following an increase in TBO. Hence the lack
of incentive to support modification action aimed purely at increasing TBO's. Cynics wil,
claim that, equally, it pays the manufacturer to keep TBO's low. Certainly in the cost
conscious and competitive climate ruling today such a claim would be difficult to
substantiate.

In recent years the position has been some what different in that the Services are keen to
see the introduction of longer TBO's. What then should the target TBO be for a military
helicopter? If a realistic level be reached then TBO's would be phased out as, indeco, is
likely to be the case as more reliance can be placed on effective monitoring. 300 hours
flying per annum appears to be a general mean figure. Prudence suggests that a gearbox
should be opened up on a calendar basis for internal inspection. The period would vary
with environment but, possibly, one ot 6 years duration would be reasonable, say, the
-quivalent of 5 years flying ie 1500 hours. It would be convenient for the period to
coincide with a complete overhaul. There are occasions when an extended TBO would prove
useful and, hence, one set at 2500 hours should be more than adequate.

FUTURE REQUIREMENTS

'i On accepting a requirement for a 2500 TBO the aim must be that all gearboxes attain at
least 1500 without tailure. Removal on the proposed calendar basis would, in practice,
place transmission in the 'Fit and Forget' category, apart from a minimum oL routine
maintenance. It would appear to be wholly realistic to bring about air increase in gearbox
TBO's from 1000 to 2500 hours, with no relaxation in reliability, to give a MTBR UL at
least 1500 hours. Note that in the present context TBO times are genuine and exclude the
need to change a part during a TBO period it this involves gearbox removal.

Before considering how best to tackle the problems associated with increasing TBO's,
attention should be given to the cost efiectivness at such action.

COST EFFECTIVENESS

A tew years ago an independent cost study was made to ascertain whether worthwhile savings
would result from an uplift of 50% in transmission TBO's. Conclusions reached were that
estimated savings were so large that any (xpendlture necessary to achieve the uplit would
be of insignificant proportion. Dctails of the study are not available for publication.
We can, however, obtain an idea at the dimension 01 costs involved from published
literature. From Refs 2 and 3, income derived from the salt! 01 spares amounts to between
40 and 50% ot total sales in the helicopter division it approximately rl00,00U,00,
correcting for inflation. If the spares service, say, 1000 helicopters then the annual
cost per helicopter will be some tlOO,000. The size 01 vehicle ranges from large to small
so this figure is probably representative ot the medium size military heicop-tel because
civil spares riquicements would have been low during the years consluertd. We can now
quantify costs very approximately as being i00 per i lying hiur lot spates alone.
Transmission spares would account tor a lair proulortion of tilbs hourly total. or pi isent
purposes it will suftice to note that whatever thr actual tigure may be, it will be
sufficiently large to oiler ample scope for a reduction to be worthwhile. Obviously
labour costs and caplitai investment would also be ruouced by enhanced uliablilty anu
extended TBO's. The value to be attached to improved airworthiness is a mattei of
conjecture but can b regarded as an additional bonus.



WAYS OF INCREASING TRANSMISSION TBO'S

A gearbox that is free of design and production deficiencies will eventually tail from
fatigue and wear. To obtain a respectable TBO it is necessary to minimise both 01 these
damaging mechanisms. Bending and torsional fatigue lives must, ot course, be in excess Gi
the target TBO and then the problem falls within the realms ot Tribology. In the past,
rolling fatigue has been the main concern with respect to long lives but more recently
wear, initiated by micro cracking and micro pitting, is causing problems, especially as
wear rates can be extremely high. The trend towards the use 01 lighter oils is
responsible for such wear. Fretting, as a form of wear, can be designed out in most
locations excepting lubricated splines.

The requirement to operate on a gas turbine oil, understandable as it may be from a
logistics viewpoint, does constitute a hanoicap. Such oils are unsuitable for gearbox
operation and, although they are extensively used, the price paid is high. TBO's and
MTBR's are lower than need be and the cost (,t overhaul higher. Scuffing can reaoily arise
and it is the norm to find micro- pitting and spline wear at overhaul. Refs 4 and 5 show
that when operating with a suitable gear oil neither spline or sculfing is likely to
arise. This claim has been fully substantiated by running fatigue te 's in main ano tail
gearboxes.

To achieve longer TBO's and cheaper overhauls demands, as a first step

a) modification action to design-out known weaknesses and
b) the use of a suitable transmission oil.

The question now arises as to whether this alone is sufficient. It is difficult to answer
such a question but an indication can be obtained from basic reliability concepts.
Consider'a gearbox with a total ot 25 major gears and bearings. For an assembly lile 0t
2,500 hours-, each item must have a BI0 life of 25 x 2,500 = 62,500 hours. Individual
lives are more likely to be in the 5/10,000 hours, even it the gears are cleared for
infinite life, and so it is necessary to look for an order ot magnitude increase in lives.
Being realistic, it has long been realised that such basic statistics are not necessarily
borne out in practice. It has been demonstrated, for example, that a bearing failure
could be expected in a main gearbox every flight. Fortunately this does not happen.
Nevertheless it can be concluded that substantial increase in individual component life is
a firm requirement. A conventional approach of added weight and use of more sophisticated
materials can generally be ruled out. Hence an alternative approach has to be sought.

High wear rates, even under conditions of nominally pure rolling, can be inouced to order
in the laboratory, at stresses below design maximum, when using a 5 c.St oil. Oils that
conform to Eng.R.D. 2497 display a pronounced surface temperature distress gap because,
essentially, they rely upon e.p. reaction to provide protection. Ret 6. The combination
of low oil film thickness, and hence low X vaiue, and only modest e.p. reaction at medium
temperatures, leads to tensile residual stresses in asperities following plastic
deformation, microcracking, detachment of particles from the extreme surface layer and,
hence, rapid wear. Friction between colliding asperities is a dominant feature through
the generation of large traction forces at discrete points in the surface. Excessive wear
in gear flank profiles is sometimes experienced in helicopter gearing applications, Fig I
from Ref 6. Anti-wear additives in the oil can alleviate this problem. Likewise fretting
in lubricated surfaces can be eliminated by the choice oi appropriate anti- oxidant
additives. Scuffing need never arise it gears and bearings are suitably lubricated. A
gear oil complete with an efficient additive package will give longer rolling fatigue
lives, again, through a reduction in traction.

Extensive accelerated testing is a helicopter gearbox suggests that the adoption of an
appropriate oil would enable suitably designed and manuLactured gearboxes to reach a 2,500
hour TBO. Why then not simply change to a more effective oil to reap the benefits of
substantially reduced operation costs. Maybe, in practice, there is no need to consider
any further action - we simply do not know. What we do know is that there :s a limit to
conditions that any oil will tolerate and that these conditions can be exceeded locally in

helicopter gearboxes. This especially applies at the upper limit of ambient temperature
when dellections are large and differential expansion between mater.als is at a minimum.

Consider a typical semi-log S/N curve. At operating stresses the Eloe e1 the curve is
very low and, accordingly, only the equivalent 0t a small reduction in stress is required
to increase life by an order of magnitude. A change in oil could well bring about a
6-fold increase or more, but it will require only the equivalent o' a small increase in
stress to lose this gain To achieve an increased life with ample margin means
re-locating the curve at a higher stress level. The oil can, in lact, do this by
minimising surface damage through the formation 0t chemical films, but the degree 01
improvement is temperature sensitive.

In all forms ot fatigue testing the condition of the specimen suriace is critical. A well
finished specimen will require relatively high stresses to cause failures but the presence
of a minor scratch will lower a S/N curve appreciably. In the c,,se of rolling tatigue
surface topography will change with time and, following the running-in period, the surface
will tend to deteriorate with time, in anything other than full film conditions.
Helicopter transmission steels will exhibit an endurance limit, the level ot which will
depend upon the state of the surfaces, and so the endurance stress level will tend to
become less with time. It is frequently claimed that endurance limits do not apply in
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rolling fatigue. This is not so - it is its value that is varying with time. This can be
seen by applying strain energy concepts to combine reverse bending and reverse torsion
fatigue results to provide a theoretical rolling fatigue S/N curve. In all cases
pronounced knuckles will be apparent in a log/log S/N curve. Experimental contirmation is
available where it can be demonstrated that, with a full film and freedom from debris
penetration within the contact, pitting can be prevented completely within practical
testing times. The message is clear that to raise, or to prevent the lowering ci, the S/N
curve it is necessary to protect the surfaces and prevent as much damage as possible. The
rolling-in of debris, and consequent plasticly formed dents, is a prime cause of surtace
deterioration. Accordingly, it can reasonably be predicted that the introduction oi tine
filtration will result in much increased lives, brought about by the S/N curve being
located at a higher stress level.

EFFECTS OF FINE FILTRATION

The influence of filtration level on rolling element bearing lite was studied in some
detail a few year ago, Ref 7. Prior theoretical studies suggested that debris shape was
important as this will determine whether deformations between trapped debris and the
bearing tracks will be elastic or plastic. Only the latter will be damaging. For this
reason the use of artificial contaminants, such as fine dust, was ruled out on the grounds
of completely different shape and modulus of elasticity. Debris was generated in a gear
machine and confirmed as being representative of that found in a helicopter gearbox.
Overall results are shown in Fig 2, the curves being based on Welbull lines obtained trom
sample sizes of 10 minimum.

It will be noted from Fig 2 that lives are related to absolute filter rating in the 3 to
40p m range, the approximate power being - 2/3. Under conditions or the test that rate of
improvement fell off as filtration level was reduced below 3# m. As these conditions wer
reasonably representative of helicopter gear and bearing contacts it was concluded that
there was little need to fit filters finer than 3, m to the gearbox. The increase in B5 0
live was broadly as predicted from rather basic theoretical considerations.

A result of interest is that initial running for 30 mins with a 40gdm tilter betore
changing to a 3pAm unit resulted in a life only little better than obtained with a 40Qm
filter throughout. In other words, irreversible damage was incurred during the initiai
running. This observation suggests that, in practice, much ot the advantage to be
obtained from tine filtration will be lost unless the gearbox is built to a high standaru
of cleanliness. Results from the Fort Rueker trials, Ref 4, could be intLrpreted as
providing evidence to contradict the above observation. It is reported that the titting
of 3. m tilters to transmissions that had previously been running under 

4
0gm tiltration

produced satisfactory results. These results relate to qualitative assessments ot
component condition at strip, rather than ultimate lives. The advantages to be derived
from 3 m filtration were not being realised in full and this makes the conclusions so
very encouraging. It must, or course, be accepted that laboratory evaluations et th, type
undertaken should not be interpreted literally. A reasonable conclusion to that work is
that substantial increases in TBO could be anticipated and the Fort Rucker experience
certainly supports the claim.

Analysis of the laboratory results provide an insight into the damaging influence oL
debris. Fig 3 suggests that below a certain size, particles will simply pass through the
contact without causing damage, where as larger particles reduce lives. The similarity
between the influences ot surface roughness and filter rating can be seen by comparing
iigs 2 and 4. This would suggest that the damaging mechanism is similar, but not
necessarily the same, in both cases. From Figs 5 and 6 it would appear that the Weibull
slope variation with both roughness and filter rating is also similar and this tends to
support the foregoing suggestion.

From an S/N obtained prior to the filter rating evaluations the expected life for a given
stress is predicted. The life subsequently obtained with 40/4m tilt~ation can be related
to a stress level. The same duration life will require a much increased stress for
failure with 3gm filtration. By presenting results in terms of 'Equivalent Loau', which
is analogous to a weight handicap in racing terms, it can be seen from Fig 7 that the load
would have to be increased some 6-fold with 3gm tiltration to givc the same lite as for
40,A m filtration. Thus, as originally predicted, the effect ot finer filtration is to
reduce the rate of degradation ot the S/N curves. By protecting the surtaces from debris
induced damage, rolling fatigues lives can be increased with an ample margin in stress ano
this points the way to increase TBO's reliability.

The smaller helicopter gearboxes such as those associated with the tall rotor drive are
usually splash lubricated. Often the TBO's ot these gearboxes exceeds that of the
corresponding main gearboxes. Is there then any real need for filtration? At overhaul
the bearing tracks in the these small gearboxes are usually covered with debris dents yet
the lives appear to be unaffected. The reason for this is that, in flighttransmitted
torque through the tail system is, mostly, only a fraction of design maximum. Thus, other
than for short periods the bearings are over-designed, arid tend to suffer accordingly from
skidding, but can accommodate surface deterioration because of the low mean stresses.
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It is often the case that one or more bearings are responsible for holding down TBO's.
Although this factor influenced the choice of bearings for studying the influence o
filtration, the results are equally applicable to gears and also, Lot difterent reasons,
to seals. Seal failures arise too frequently and are, on occasions, responsible for the
low MTBR's recorded. The ingress o debris into a seal is a ma3or cause for failure.
With lip seals debris beds into the 'Rubber' which then acts as a lap, heats up, hardens
and cracks. With face seals perfectly made and running true, theoretically a separating
oil film cannot be generated. Minor imperfections, such as surface waviness and
misalignment ensure the presence of an adequate oil film of sufficient dimension to allow
the ingress of debris, the presence of which can cause quite rapid surface deterioration
and seal failure.

In the U.K. it is not the practice to change gearbox oil between overhauls. The condition
of the oil often leaves much to be desired, especially as a result of water contamination,
Ref 9. One conclusion reached from the Fort Rucker trials was that 31m filtration would
enable oil life to be extended from 300 to 1000 hours. It can be expected that fine
filtration will generally prove beneficial in maintaining the quality of the oil.

FUTURE DEVELOPMENTS

Looking further ahead no externally located filtration systems can help with respect to
the first pass of internally generated debris. The damaging size range, for any contact
conditions, is relatively narrow - too small and it passes through and too large it is
diverted to one side. Work is proceeding to relate this size range to operating
conditions and to develop finishing processes that will minimize the generation of
damaging size debris.

Although in the laboratory evaluations the rate of life improvement tell oft at filtration
levels below 3pm some benefit was still being derived right down into the sub microlic
regions. This is understandable when a represcntative thickness of oil film separating
asperities is only 0.0125m (0.5 a ins) and, indeed, it may l,.gically be argued that
filtration should be aimed at such very small dimensions. However, in practice, it would
seem probable that chemical films provide more protection than do the micro E.H.D. oil
films at that level. A case can nevertheless, be made for polishing the oil and sub
micronic particle extraction may well be sought in the future. For the present, and
immediate future, 3/Am filtration is a practical level for which filter units are readily
available. Experience could show routine oil polishing at predetermined intervals
throughout a TRO to be desirable. This would complement 3)A m filtration ano its
introduction would present few problems. Similar processing is already applied to
Hydraulic fluids. What is by no means clear is whether the removal o submicronic
particles can be achieved without degradation of lubricating performance. A perfectly
clean oil that will not lubricate until is has become re-contaminated oiters little
attraction. Impuries play a role in the action of certain additives. Little is known
about the mechanisms involved but studies are now in hand.

The need for better "House Keeping" practice in the manufacture of transmission has been
acknowledged by the author's company. Steps are being taken to ensure that zompleted
gearboxes are reasonably free from debris contamination and that the generation ot debris
during the running-in period will be minimised. Only experience will determine how tar it
is necessary to go to prevent an ingress of dirt. Present thinking is that tull clean
room conditions, as applied by hydraulics, will be unnecessary. Studies into optimising
finishing operations after machining are underway and these relate, also, to bought-in
items such as bearings. Much work remains to be done but progress to date is encouraging.
It is interesting to note that this particular operation, costly as it is to introduce,
could well result in lower costs for a superior product.

CONCLUSIONS

It seems to be agreed generally that steps should be taken to reduce costs oi ownership oi
helicopters and, at the same time, improve reliability and airworthines. Maintenance ot
transmission accounts for a fair proportion of overall costs and results, to a degree,
from low TBO's and even lower MTBR's. Action is required to increase TBO's ano bring
MTBR's up to the same level, or that of removal based on calendar conditions ie no
unscheduled removals. TBO's of 2500 and 5000 hours for military and civil helicopters
respectively would be re slistic targets, with scope for advancing civil ones to 75O
hours. Eventually TBO's are likely to be phased out as more confidence is placed on
monitoring techniques.

If a gearbox be brought up to a standard whereby TBO's are limited by Tribological
consideration only, such as pitting, scuffing and wear, to include fretting, then evidence
exists to suggest that these problems can be overcome by substitution of a suitable oil.
The position will, however, remain marginal unless means ar2 introduced tor more
effectively maintaining a good surface finish on contacting surfaces and tiis can best be
achieved by fine filtration, following a clean build standard. Fine filtration on its own
will effect a worth while improvement but have little influence on scuffing and fretting
of lubricated surfaces. Micropitting will remain a problem. Even it such problems do not
already arise within a 1000 hour TBO's, will the same be true at 2500?
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Cost savings cannot be quantified in this paper and it can only be claimed that they could
be very substantial indeed. The introduction of tine filtration could, it is contidiently
predicted, pave the way for helicopter transmissions to be placed in the 'Fit and Forget'
category to which they rightly below.
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DISCUSSION

RJ.Drago, US
Fine filtration is more complex in a system point of view. Why not simply use a higher viscosity oil to prevent damage to
surfaces while making no other changes to the system'!

Comment: R.Battles, US
Commercial helicopter operators use better lubricating oils than the military to achieve time bct"secn overhauls tw ic or
greater than military TBO's.



Load Capacity of Cages of Roller Bearings for Planet Wheels
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Ruhr-University Bochum, Germany

Summary

In planetary gears the rotation of the planet-carrier generates forces of inertia, which
can cause fatigue failuresof the cages in roller bearings of planet wheels. By means of
computer routines forces of inertia and counter forces as well as stress resultants,
nominal stresses, stress concentration factors and stress gradients are calculated for
bearing cages of various design. Yield strength and fatigue strength of samples of cage
material are determined experimentally, and fatigue stress diagrams for cages of different
shape and material are worked out. The thus calculated safety factors against fatigue
failure are confirmed by test runs of bearings on a test bench. The results of the in-
vestigations are summed up in easily applicable charts.

1. Introduction

In addition to tooth forces and forces of inertia caused by the rotation relative to the
planet-carrier, planet gear bearings are subject to other forces of inertia, which are
generated by the rotation of the carrier. These additional forces of inertia strain the
rollers, the raceways and to a great extent the cages of the rollers. Thus it is possible
that the life time of the bearings is not limited by fatigue of rollers or races but by
fatigue fractures of the cages. In this treatment there will be presented a method for
calculating the load capacity of cages.

2. Types of bearings and cages

The cages of cylindrical and spherical roller bearings usually have two rings connected

by beams. The rollers are placed in the pockets between rings and beams and guide the ca-

ges axially and tangentially. In radial direction the cages are guided either by some of

the rollers or otherwise by the outer or the inner rings of the bearings. The former

kind of radial guidance is called roller guidance and the latter is called ring guidance.

Different cage designs are:

- sheet metal cage
- massive cage
- riveted cage

Usual materials are:

- steel
- brass

aluminium
- plastics (synthetic material)

A sheet metal cage is shown in figure 1 and characteristic details of usual massive cages
are shown in figure 2 and 3 and of riveted cages in figure 4 and 5 as examples.

Fiure 1: Sheet metal cane



Figure 2: Figure 3:

Broached solid brass cage Injection molded plastic cage

Figure 4: Figure 5:

Cage with riveted pins Cage with riveted spigots

All bearings that are treated in this report are specified in table 1 with their dimen-
sion series number, material, type of design, and type of radial guidance.

Table 1: Bearings treated in this report

N. type of bearing dimension sign cage
series No. of material design guidance

1 23 E MPA FAG brass broached

2 23 n FAG brass riveted outer
steel pins ring

3 23 E MA6 SKF brass riveted

4 cylindrical 3 E MA6 SKF brass Spiqotsroller bearing_____

5 23 E CP SKF plastics
injection

6 3 E CP SKF plastics molded roller

7 23 E CPA SKF plastics outer
ring

8 23 E JP1 FAG steel pressed roller

9 spherical injection inner
roller earing 223 T molded ring

3. Forces of inertia

Figure 6 shows a segment of planet-gear bearing with forces of inertia acting on it. The
following symbols and indices are used:

0 gearbox a acceleration
I planet-gear carrier c coriolis
2 bearing inner ring m mass
3 bearing outer ring n normal
4 cage r cage ring
F force s cage beam
P rotation pole w roller
S center of gravity w angular velocity
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Figure 6: Forces of inertia at the planet-gear bearing

Constant angular velocities assumed, the accelerations a 41n and a 41c cause the constant
radial forces

F -= m. S
s 

P14 (w 41 1 2 . 41 '10 (1)

dF d (W (2, 2 , (2)
r mr Sr P14 41 41 '10

F * 21 +2~4
w= mw w P14 4 2 41 '1

and the acceleration a ion cause the forces of variable magnitude and direction

2

dFr = dmr Sr PO (5)

Fw = mw S PO 2 (6)w w 01 '10

The forces are applied at the centers of gravity 55 of cage beam, S r of cage ring element
and S of roller.

w

Figure 7 shows a segment of the cage k and the roller w with the force of inertia F w
caused by the acceleration a IOn. An x-y coordinate system is applied which is fixed to
the planet carrier with its origin in the center of the bearing.

The force F w is resolved into the components F ws directed on the beam and F wr on P 14.
F wr like F* w acts on the outer bearing ring and has no influence or, the load of the
cage. F ws is resolved into the components F wsy and F wsx. The sum of all components
F wsx is either negligible or zero, With the mass m k of the cage anc with the cent,
distance a of the planetary gear follows the sum of all components in y-direction

YFiy 2 (7)
,,a ml, , *~ 7

_.F iy acts either on the bearing rings or on the supporting rollers, depending on the
type of cage guidance.

_-F iy can be calculated approximately and is then called F q. With the number of rollers
z w follows



F 2 a(mF mw  2 a m (8)
g To (n + -- IO a

m g means a mass that is relevant for the load on the cage.
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a-ore 7: Forces of inerta actin" on cto 031e

It is advantageous to use a relative sum )f fores of inottia of caoe an' rollers to ob-
tain a nondimensional renrescrta io)n. ioilin' F s fro. ei. (8) by the co:]ulus of clasti-
city E and the cross sectional ar a A r! -f a ra -' rinc 1 0 tes the nI niironsina1 ac -
erat iop

2
F a

IOn E Ar E Ar9

4. Supporting forces

The force F g as a function of a IOn causes suoportinq forces, which dopend on the to
of cage guidance.

If the cage is guided by rollers, the suportina frcc act between the supportinou rol -
lers and the beams. The number of supporting rollers and the maunitude of the su)portinc
forces depend on the cage ol]arancn and elasticit.

If the caqo is guided by the bearinq ring, there is a supportina pressure between th0
cage rings and the guiding riln of the b arinq. The pressure d.stribution is influ enc&.
by the caee clearance and the cage elasticity as well. S.o)id s Ito contact an.) hor - 'n a
mc contact are discerned.

4.1 Pinq-guidance

There is a solid state contact between the caqe rings and bearini rinl, if the anoo lar
vobcit. . 41 is too srall to cenerate a hydronamic pressure. For calculating the supor-
ling pressure of solid state contact an equivalent rinc as shown in figure 8 is used.
This is the model of a caue guided by the ater rine; cages guided by the inner ring
are treated in a simtlar way.

The equivalent rine of the cage is represented by the centre 0 r and the radius r r. It
is displaced frm the centre of the boarine 0 L about ', r, which is half of the radial
cage clearance S 5. The caae thus contacts the ring of the bearing at point IT. The
o iivalent ring has the cross sectional area A r and furthermor, mass and elasticity.
The acceleration of a mass-element mr causes the distributed loads q rt (f) and - rr
(f). These loads effect the tangential deflections v (), the radial deflections w (S)

and the rotations ) (f) . Because of the properties of symmetr; only half of the rine is
taken into account with a guiding at point I and a fixed end point II. Within the
angle , max the radial deflections of the equivalent ring w (t) are limited by the cir-
cular outline of the bearing ring with its radius r 1. At the point i for example the
possible deflection is h (4). The curcatures c the equivalent ring and the outer
bearing ring are identical within the angle of contact . max.

Finite beam elements are used to calculate the angle of contact . max and the pressure
distribution between the rines. The calculated pressure distributions within the anelo

max in a cylindrical roller bearine 2309 F MPA subjected to 300 and 600 times the acce-
leration due to gravity e are plotted in the figures 9 and 10.
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Figure 8: Equivalent ring of a cage quided by the outer ring of a bearing with solid
state contact

Fiqjre 9:i~ 300O gqiue1:a~ 600gq

Figures 9 and 10: Supportina pressures of solid state ontact under various accelerations
a 1,)n

Hydrodynamic pressure needs high rlative speed of the planet gear. The cage then miqht
be supported by an oilfilm betweer the rings of caqe and bearing. However, traces of wear
on the rings bl at. , ixse fr-, in, when there are high accelerations a On . Therefore
the supportinq pressure distribution of solid state contact is used to calculate the
cage loads.

With usual relative speeds of planet gears a supporting hydrodynamic pressure is genera-
ted only at slow speeds of the planet carrier. In these cases the acceleration a IOn is
insignificant tor fatigue failure of the cage. If wear must be avoided Il] describes a
method to calculate a safe acceleration a IOn for a given minimal oilfilm thickness.

4.2 Roller-guidance

A roller guided cage with the beams S and some rollers w is represented in figure 11.

The rollers run on the raceways, which are not shown in the figure 11, in a distance
r w from the centre of the bearing 0 L. The forces of inertia caused by the accelera-
tion a iOn make the rollers and the cage move away from P 01. The centre of the cage ( K
is displaced about e a in y-direction so that the beams S 1, S 2 and S n contact the
rollers w 1 and w n.

The single supporting forces F wel and F wen raise at the edges of the beams. They
counter-balance the forces of inertia of the cage and the rollers. The total forces of
the rollers F wgl and F wgn are tho ,,-s'tric 'ue of 1ho, single iroortinq force F we
inc1 _ire taken b the inner tin of tii !larinq.

The forces of inertia and the supporting forces that act on the cage cause elastic de-
formations of the cage rings. A radial deflection of the beams makes the rollers turn
aside in tangential direction. If the clearance S wa2 or S wij between the ioller w 2
o~r w j and the outer or inner edge of the beam is used up, this roller supports the
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Chart I: Cylindrical roller bearinos 2 3 3: MIPA ca ;o ;.iided by the Outer ring and
broached from solid brass
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Chart 2: Cylindrical rol ler bearin s 2 3 NIA ta22 r ivet ed with steel pins and gjuided
by the outer rinq
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toe safvv aa iraainst ildfailure >2

,2 0,2

and al ternat ively to the diacirarts B in the charts the sftfaor against f~tl:Ie f i-
lure is

vm

2w 0_2B

W V; 2 5.,

va

Table 2 is an index of all charts and contains all necessary data to calculate S B, 2' I
and S D ac Cording to. thIe eq. 32) , a:333, (34) fo0r g ivei bearings. Thle material strrnothS
of plastics are valid for a temo.aue f, 2300 and a relative moisture of 0,2

can be taken from fiqurc 28.

Table 2: Strengths of caqe materials and factors to calculate safety-factors

series No. material Nart

23 L MPA brass 1 2,85 1,2 0,8 1,0

23 MA brass 2 3,1 ,2 0,8 10

23 E' tA6 brass 3 3,0 1,2 0,8 1,0

3 E MIA6 brass 4 3,2 1,2 0,8 1,0

23 E~ CP plastics 5 3,2 1,4 1,0 f( ',

3 L CP plastics 6 3,2 1,4 1,0 fi1),:)

23 L CPA plastics 7 3,3 1,4 1,0 f(,),:)

23 E JP1 steel 8 2,4 1,3 0,9 0,56

23 ES TIPB plastics 9 3,3 1,4 1,0 f(D,:

caqec material stren,,ths in N/mm2

material
B 0,2 SW

brass 465 260) 110

steel 340 230 175

elastics 160 10.6

The saifety f actor a'la inst fat ique far lu ,re i ns ,:a':ram 11c hrtIa,1 fl ie cy IIodrI-
cal roller bearinus 23 E: MPA and 2) 11NI - i~etil n o crasois 011,
si ihti y wit': Lncreasino accel eratio :e:-I few '',-."1 ( 3-) a
safetv factor S D > 1,5 Is r'err',uisihleI(.

The stresses and safety factors in chart 3fr ieclindrical roll:, lea: r~si 23 E F ,
- see table A No. 3 - with a rivetedi car, ale vaid: for crit ical 0>5s sinctis of II:,
spilots. The iraph of the safety factor -f 1, e til, is z I~ f. in i: a' ra 1 too. Below
i< a = 1.9 the safety factor of thle rinq is lesta)tsf ie rivet

The experiments with: roller bo-arinois 2) 1: '1A6 ac' (rdlil L(' isallqo fa:lu m's
o~f isiqots. Further experiments sloWed Lhar :1 l 'scnri:,'f le 1,td Iitl'5 in C1
even if the acceleration a lOs is relati'; s,'a1. To re,'''s1'O 1 a rs':,'I!d
tin:, tIIe conditionn Si 1) 2,5 for the rio, to,) ',pl':l'~hId )



KFE 0 ,4 (30)

and in case of rotating outer ring

KFE = 0,6 (31)

In eq. (29) pl means the angular velocity of a planet wheel relative to the Planet
carrier.

Often the ring gear of a planetary gear set is fixed at the housing. In such cases is

K .. . With K , = 0 the safety factor against fatigue fracture of the critical section

can be taken from diagram B depending on the acceleration factor K a. K , affects only
the mean stress, which has only a little influence on the permissible alternating stress.
Therefore the diagramm B can be used,even if K 0 $ 0. The error is less than 5 %, if
'vm/o va < 0,5 and S D =2.

The safety factor on the ordinate of diagram B in the charts 5, 6 and 8 for roller guided

cages of bearings with the dimension numbers 23 ECP, 3 ECP and 23 E JPI - No. 5,6 and 8

in table 1 - is divided by a correcting factor K S. This correctinq factor depends on the

bore diameter and can be taken from table C.

The material strength of plastics is influenced by temperature and moisture. In the charts
5,6,7 and 9 for bearings with the dimension numbers 23 FCt, 3 ECP, 23 ECPA and 223 ESTVPB

- No. 5,6,7 and 9 in table 1 - this influence is considef d by the condition factor d.

This factor can be taken from figurg 28 as a furction of the temperature ) and the rela-

tive moisture :.In normal air of 23 C and 50 % relative moisture the plastic material
used for cages is able to absorb uo to 1,9 % moisture. This however may take some 100

days since molding.

The material strength and the modulus of elasticity as well decrease with ralsinq tempe-

rature and moisture. In the charts an approximately constant ratio of material strenqth
and modulus of elasticity is assumed.

,OZ. I 6m .

.ure 28: Condition factor of plastics depending on the relative moisture : and the
temperatur D

In the chart 6 for cylindrical roller bearings 23 EJP) with sheet metal cag;es - No. 8

in table 1 - the condition factor r! is set to 0,56. The factor , here takes into account
the decrease of material strength caused by the plasticly deformed beads that hold the
rollers.

With the nondimensional stresses vm and va from the diagrams A in the charts the

stresses vm and va are calculated according to eq. (22), (2 3). With 1 vm and vat he

safety factor against forced rupture Is

B 2,5 
(32)

vm va
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Figure 27: Modified stress S of caqe plotted against the nondimensional acceleration
A iOn

In the charts diagram A represents the nondimensional equivalent mean stress v, and al-
ternating stress - va as a function of the acceleration factor K a and the angular velo-
city factor K _. The real maximum mean stress ' vm and the real maximum alternating
stress , va of the endangered point in the critical section are obtained by multiplyvnq
the nondimensional 2stress with the stress factor K - taken from table C - and the acce-
leration a Ion 10 a, so that

2cvm 1_aK2)
Nmm

2  
m s (22)

2Sa
va A-2 ' K -va (23)Nin

2  
m s

The acceleration factor K a is calculated with the bearing factor K L from table C:
2a

Ka  2 ) KL  (24)
li s-2

The angular velocity factor K , is given by;

rr '41 2K - ( -)(
a 10

in case of rotating inner ring with

F

'41 '21 FF (26)

and in case of rotating outer ring with

4) E

4 1 " 31 E2F

In the eq. (26), (27) E is the diameter of the raceway of the outer r no and F is the
diameter of the raceway of the inner ring. Simplifications leads to

DL  dL drMLr T (28)

with the outside diameter C 1 and the bore diameter d r. of the bearino an! furthez

d (1 XFF '1)
2  

(29)

Using standard dimensions in case of rotatina inner rinq gives
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The maximum stress in ring guided cages usually occurs at point 3 of the critical
section of the ring - see figure 18 -. It was found that the influence of I sg/r r and
b r/r r can be neglected, as far as the dimensions are oractically useful.

On the countrary the nondimensional acceleration a IOn and the relative cage clearance
= Ar/r r have a great effect on the nondimensional alternating stresses at the endan-

gered point 3. The results of the calculations with various A IOn and y indicate a
correlation of these two parameters. In figure 26 the nondimensional alternating stres-
ses ar3 are plotted against the quotient of nondimenstonal acceleration ( IOn and the
cage clearance y for various relative heights of the ring h r/r r. The relative height
of the ring has only a little effect on the nondimensional alternating stress.

Cor3I

2 ---- ! --0,

0 0.05 0,' 0.15 0.2 0.25 0.3

Figure 26: Nondimensional alternating stress c ar3 at the endangered point 3 in a ring
section of a ring guided cage plotted against the quotient of nondimensional
acceleration 10n and the relative cage clearance ¢ for various relative
heights of the ring h r/ r r

A cage of nlastics was used as base of the studies of roller guided cages. Such cage
are used increasingly in all types of cylindrical roller bearings because of low
costs, easy installation, and safe guiding of the rollers.

The influences of

- relative heights of the beam hs/b s

- relative length of the beam Isg /rr

- relative width of the ring br/r r

on the maximum equivalent alternating stress that occurs at point 2 of the cross section
of the beam - see figure 17 - were investigated.

The result of the studies of roller guided plastic cages is a modified stress *S that is
plotted against the nondimensional acceleration a ion in figure 27 for a relative ring
width b r/r r = 0,1.

The nondimensional equivalent alternating stress at point 2 of the critical cross section
of the beam - see figure 17 - is approximately by given

vaS-r b lags (21)

K rb means the factor of ring width.

For the roller guided plastic cages of the cylindrical roller bearings 23 ECP and 3 ECP
- ee table , No. 5 and 6 - K rb i can be assumed.

1.2 Charts to determine the load capacity of bearings

The results of the studies of ring and roller guided cages are summed up in easily appli-
cable charts. The approximate geometric similarity permits a nondimensional reoresenta-
tion.

The functions plotted In the charts that are used to determine stresses and safety factors
of the endangered points are based on nondimensional shape and load factors. The nondi-
mensional shape factors are mean values within the bearing dimension series. Effects on
stresses and safety factors caused by the deviations from the mean values are considered
by factors that denend on the bore diameter No.. Nine charts heln to select roller bea-
rings from table 1 considering their lcad limits.



determination of the critical onerating condition that causes fatigue failure the load
was reduced step by step until no failure occured.

11. Results

The results of the tests are shown in figure 24. The limits of acceleration a Ion of
bearings with the bore diameter No. 09 are plotted as multiples of the acceleration due to
gravity g.

600

Figure 24: Limits of centrifugal acceleration
1) taken from (21
2) taken from t41

The sufficient conformity of theorie and experiments is shown in (11. Figure 25 for
example presents a test bearing 2309 MA with a broken comb-ring. The fracture adjacent to
the beam was predicted by the calculation.

Figure 25: Cylindrical roller bearing 2309 MA with fatigue fracture of the comb-ring

11.1 Influence of different parameters on nominal stresses

The influence of load and of cage design on nominal stresses was studied by variating the
input data of the computer program. Just the characteristic factors that have an influen-
ce on the endangered point of the cage were variated. in ring guided cages the cross sec-
tion of the ring -- see figure 18 - is usually the critical one, whereas in roller guided
cages the cross section of the beam - see figure 17 - is relevant.

The following characteristic geometric factors of ring guided cages were variated to
study their influence on the relevant stresses under various nondimensional accelerations

ion from eq. (9):

- relative length of a beam 1s/r r

- relative width of a ring br /rr

- relative height of a ring h r/r r

- relative radial cage clearance I - Ar/r r

These factors influence the distribution of the supoortina pressure - see figures 9 and
10 - and therefore the relevant stresses of the rino.
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factor z, which will be explained in chapter 11.2

9. Safety factors

The safety factors are calculated as follows: The safety against force rupture

sB B , >2,5 (18)
vm va

the safety against yield failurek2
SF 0,2 > 1,5 (19)

S FC

vm va
the safety against fatigue

A > 2 (20)
0 D

va

10. Test bench and experimental research

The calculated relevant stresses are verified by experimental research on a test bench
by simulating working conditions and loads of bearings in planet gears. Load limits
which prevent fatigue are the results of these tests. The calculation is verified, if
its result is S D 1 1, with the experimentally determined load limits used as input
data.

A scheme of the test bench is schown in figure 23.

T -3

- 0. II

Figure 23: Scheme of the test bench

M1, M2, D.C.motors 7 Test bearing with rotating
1 V-belt drive inner ring
2 Planet carrier 8,9 Planet gear masses
3 Sun gear 10 Support bearings
4,5 Planet gears 11 Centrifugal masses
6 Test bearing with rota- 12 Levers

ting outer ring 13 Plates

The planet carrier 2 is driven with a V-belt 1 by the speed variable direct current mo-
tor M1. The sun gear 3, meshing with the planet gears 4 and 5 is driven by the speed
variable direct current motor M2. The planet gear 4 is beared by the test bearings 6
with rotating outer rin-s. Planet gear 5 is beared by the test bea-ings 7 with rotating
inner rings. The centr. uqal forces that act on the tlanet bearings are caused by the
masses 8 and 9. Support bearings 10 are placed in mass 8. The test bearings 6 are
loaded by the mass 9 and an intermediate slide bearing. Centrifuaal masses 11 simulate
the tooth forces. They act unon the masses 8 and 9 by means of levers 12 and plates 13.
The masses 11 can be exchanged to simulate realistic combinations of centrifuqal and
tooth forces.

To determine the load limits of caaes endurance tests were made until fatigue failure
occured. In high speed planetary gears scuffing or undue wear of the cages in the olanet
bearings are possible as well. This wear is caused by mixed friction of the cage rings
and the bearing ring, if the cage is ring nuided. Fxessive loads prevent the ne-
neration of a hydrodvnamic oilfilm and cause solid contact of the rings. For an exact



Figure 21: Plane model of a cage broached from solid material with lines of equal stress

8. Strength

Figure 22 shows a Smith-diagram, which contains limiting values of the alternating
stresses as a function of the mean stresses taking into account material and shane.
This diagram is based on material strength of samples of cage material represented by
the yield strength o B, the 0,2 % proof stress j 0,2, and the fatigue strength , ZW. If
there is a definite begin of the plastic deformationthe yield strength a F is used in-
stead of c 0,2. The factor 1 0,2 respects the unequal maanitude of stresses and the
factor ' W the stress gradients in a cross section and both are deoendent on 0,2 or

F, respectively, ZW is determind with a polished sample. Deviating values of , ZW
caused by a rougher surface are considered by the factor .. For a detailed explanation

of 0,2, W, and see [1] and [3).

a0w 6w

Figure 22: Limiting values of alternating stresses as a function of the mean stresses

The limiting value of alternating stress 
o Aj is a function of m VM . j , Vj

j indicates the endangered 
point of ring, beam, 

or rivet.

A nondimensional Smith diagram is prefered. The nondimensional strengths are deined

similar to the nondimensional stresses, 
using the fictive stresses " S, r, n, 0 accor-

ding to eq. (10) and furthermore considering the stress 
Concentration factor K. The

nondimensional Smth-diagram can be obtained with

T S,r,n,g 1]K
(15)

o,2 ,2

0,2 !S,r,n,g 1 K
(16)

] wZw "I

Zw S,r,n,g 'K
(17)

e material trenghts Of cage and 
samples may differ 

because of the manufactourine

method or the working condition 
of the bearing. This 

is considered b the condition
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and the nondimensional alternating stresses are

Oaj 
= 

oj - 'mj 'aj 
= 
Toj mj (12)

The nondimensional equivalent stresses are calculated according to the following equa-
tions

~'V -%2T j (13)yin] mj mj va] a) aj

[11 developed a computer program to calculate the stress resultants and the nominal
stresses of the critical sections of cages of roller bearings used in planet gears. Some
results for various cages are presented in [1).

7. Maximum stresses and stress concentration factors

The deflection of the lines of force at the junction of ring and beam or beam and rivet
causes higher stresses. The maximum stresses are given by multiplying the nominal stres-
ses with the stress concentration factor a Kj:

j = aKj 7j ; j = lKj Tj (14)

The stress concentration factors a Xj of the endangered points j of the critical sections
of beam, ring, and rivet are not easily obtainable. However the stress concentration of
the critical sections is calculable using the finite element method. The stress concen-
tration factors are derived from the comparison with the nominal stresses.

The exact calculation of the stress concentration factors requires a three-dimensional
idealisation of the cage. However the numerical expenditure for such a finit element
model would be far too great. Therefore an idealisation with Dlane elements is used. A
cage segment with a part of the ring and a part of the beam, as shown in figure 20, is
analysed. The forces F r and F s acting on the cage segment are derived from the calcu-
lation of the entire beam model of the cage - see figure 16 -

A,

II

Figure 20: Beam model to determine stress concentration factors

The nominal stresses in the cross section A r of the ring and the cross section A S of
the beam are calculated applying the boundary conditions that are shown in figure 20.

The externel loads calculated from the beam model are transfered to the plane model.
Figure 21 shows as an example the plane model of a cage broached from solid material.
Expecially the radii at the joint of ring and beam are considered Dimensions, loads
and boundary conditions of the plane model and the beam model are identical.

Lines of equal stress are plotted in figure 21. At the joint of ring and beam there is a
stress concentration. The maximum stresses occur in the ring just beside the radii. The
quotient of the maximum equivalent stress and the nominal equivalent stress v/ov is the
stress concentration factor iK' In this examole it is aK = 2,1.
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Figure 18: Segment of a cage and stress resultants in the critical sections of the rinos

A beam of a cage with riveted spigots is shown in figure 19. The critical section is
its joint with the beam with the height h n, the width b n and the area A n. The origin
of the x,y,z-coordinate system lies in the centre of gravity S n. The normal force and
the traverse forces F ny and F nz act on the rivet. The traverse loads in y- and z-di-
rection are assumed as triangular distributed loads q ny and q nz on the length 1 n.
This assumption bases on experiences of [2), who found that rivets loosen before brea-
king. In this case the beams are joined with the comb ring at one end only. Beyond that
the riveting causes a better contact at the outer edges of the spigots.

i 3 4

F,,

Figure 19: Loads on a spigot with rectangular cross section

The stresses in riveted pins - see figure 4 - are determined using the same assumptions.

In the endangered points j = 1,2,3,4 of the beam s, the rivet n and the rings rl, r2, the
sum of all the nondimensional normal stresses is named j, and the sum of the nondimen-
sional shear stresses is named 3' j.

To obtain the real stresses, the nondimensional stresses are multiplied with

2
Crg-W 10 a mg Fg (10)

S,r,n,g A S,r,n AS,r,n

the quotient of the total support force F g from eq. (8) ani the cross sectional area of
a beam A s,of a ring A r, or of a rivet A n.

The stresses I j and r j of beams, rings and rivets change with the cage rotation relati-
ve to the planet carrier. This rotation is discribed by the angle I . The nondimensional
mean stresses are calculated from the maximum stresses ) oj, 3 oj and the minimum stres-
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Figure 16: Cage idealised as a structure of finite beam elements

known from the calculations with the equivalent ring - see figure 8 - are used as boun-
dary conditions.

When calculating the stress resultants it is sufficient to consider only half of the
cage, because loads and deformations are symmetrical.

when analysing riveted cages - see figures 4 and 5 - the nodes representing the riveted
joints of ring and beams are assumed to transmit only forces and no moments.

6. Nominal stresses

The nominal stresses of the critical sections are calculated from the stress resultants.

The critical section of the beam is at its joint with the ring. It has the cross section
area A S and is shown in figure 17. The origin of the x,y,z-coordinate system lies in
the centroid S S. The stress resultants F and M counterbalance the external loads.

b,,

S,

F,,

Figure 17: Segment of a cage and stress resultants in the critical section of the beam

A rectangle of the same area with the height h s and the width b a is used to calculate
the shearing stresses due to the forces F sy, F sz and the torsional moment M Sx. 1, 2, 3
and 4 indicate the most endangered points of the section.

The critical sections of the rings r 1 and r 2 with the heights h ri, h r2, the width"
b ri, b r2 and the areas A ri, A r2 are situated just beside the beam as shown in figure
18. The origins of the x,y,z-coordinate systems lie in the centroids S ri, S r2. The
endangered corners 1 and 3 have no shear stresses.

The cross sectional areas of rivets may be circular or rectangular as well.

lM., n



The total support forces of the rollers F wgj are calculated with the boundary condi-
tions w (TA) = w (0) = 0 for the supports A 1 and A n in the same way as the suppor-
ting pressure of the solid state contact was calculated. (see 4.1)

In figures 13 and 14 results are shown of a cylindrical roller bearing 2309 E CP
- see table 1, No. 5 - with the cage supported at the inner edges of the beams. The
total supporting forces F wg and the deformed ring of the cage subjected to accelera-
tions a 10n of 50 and 100 times the acceleration due to gravity g are presented. The
limits of radial deflections are set by the circles with the radii r I an r II.

00,

Figure 13: a On = 50 g Fig ure 14: a 1On = 100 g

Figures 13 and 14: Deformed equivalent ring and total supporting forces of the rollers
under various accelerations a 10n

5. Stress resultants calculated using finite beam elements

Figure 15 shows the segment of a cage with the rings r 1 and r 2 and with the beam S.
x,y,z-coordinate systems are used with their origins fixed the centroids of the cross
sections of the two rings S ri and S r2, and of the beam S S. The x-axis is directed
axially, the y-axis tangentially and the z-axis radially.

There are 6 stress resultants in every cross section, namely the forces F x, F y, F z
and the moments M x, M y, M z. They are caused by forces of inertia that act on the
rings, beams and rollers (see chapter 3) and supporting forces from the cage guiding

(see chapter 4).

F l,,, ,MI

(M,,,I ,

F,:,

Figure 15: Stress resultants of a cage

The stress resultants are calculated using finite beam elements. These elements have 6
degrees of freedom, which are the displacements w x, w y, w z and the rotations J x, ')y,

z; their positive directions are indicated by the arrows in figure 15.

ror an easier comparison of various cage dimensions and designs the nondimensional forces
= F/(E A rl), moments 1 - M/(E API r rl), and displacements = W/r rl are used. r rl

means the radius of the cenroidal circle of the ring r 1.

The cage is idealized as a structure of straight and bended beam elements as shown in
figure 16.

The external loads and ? are caused by forces of inertia, If the cage is guided by rol-
lers, additional supporting forces act on the beams. If the cage is guided by rings, the
cage rings and the bearing ring contact within - max. The radial deflections that are



p

cage too.

The supporting forces in figure 11 act on the outer edges of the beams; the cage excen-
tricity is then named e a. There are analogous cages with supporting forces acting on
the inner edges; .n this case the excentricity is named e i.

S.,1

/

% e.
w2  /

FF, - -

F~. V F

Figure 11: Roller bearing with a roller guided cage

Depended on the acceleration a IOn the supporting forces may act on the outer as well as
on the inner edges of the beams.

Similar to the calculation of the supporting pressure of ring guided cages, an ejuivlnt
ring is used to calculate the supporting forces F wg of the rollers.

The equivalent ring with supporting forces actirg on the outer edges of the bears is
shown in figure 12. The mass having equivalent ring with it's radius r r and centre , r
is displaced from the centre of the bearing 0 L about e a. The distributed loads I rt
in tangential and q rr Cf) in radial direction are caused by the acceleration a Ion f
the mass-segment , mr. These loa s effect deflections v (1) in tangential and w (f) in
radial direction and rotations ))(J). The possible deflections in radial direction h I1
and h IIj are limited by circles with the radii r I = r r - e a and r 1I r r -e i at
those points where rollers lie momentaril. The rollers w 1 and w n that support the
cage in figure 11 are idealised as supports A I and A n in figure 12.

q_ (P) q ,P)

A, A,

Figure 12: Equivalent ring of a cage that is supported at the outer edges of the beams
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Chart 7: Cylindrical roller bearings 23 ECPA, cage injection molded of plastics and
guided by the outer ring
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Chart 8: Cylindrical roller bearings 23 E JP, caqe pressed from steel plate and
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Summary

This paper embodies ar overview of some experimental and numerical investigations into
several aspects of the load-carryin g capacity of double circular arc (D.C.A.) gear teeth.
Tooth deflection and bending mu-cnt distribution were studied using three dimensional
holographic interferometry, whereas rootstresses were determined by means of miniature
straingages. The finite element method and finite difference method wore used to deter-
mine deflections numerically.

Introduct ion

One of the tooth profiles which provides a much larger contact area than the commonly
used involute and hence has a larger load carrying capacity and still satisfies the
basic law of gearing' is the Wildhaber-Novikov circular arc tooth.
Double circular arc (D.A.) tooth profiles, fig. 1, are relatively new and derive
from single circular ar profiles (1,2,3,4,5).
D.C.A. gears provide Face contact and no progressive contact on the profile. The con-
tact between mating teeth occurs in two points, fig. 2, one on the addendum, the other
on the dedendum, the distance between these points depending on helix angle and
pressure angle. Under load, the contact points change into elliptical areas.
These large contact areas between the mating convex and concave profiles move axially,
at constant sliding speed, from one end of the tooth to the other, resulting in face
-ontact. This contra.sts with the involute, where the contact area moves from the tooth
rot t, the tip.
In D.C.A. gears the problem of determing tooth deflection, bending moment distribution
root stresses, rontact stre-e , is exceptionally difficult as the load is concentrated
in two elliptical areas, depending on tooth curvature, applied load, helix angle, gear
material, etc. In order to simplify the investigation the two loads on addendum and
dedendum were considOered to be equal, which is an adequate first approximation of the
p ron I em.

D..A. Tooth Iefl-ct ion and Beidin g Moment istri bution

Static Deflection was determined experimentally on a l'.C.A. gear tooth model enlarged
ten times and mol1ded from a urethane elastomer. Tooth dimensions are given in fig.
anl table I. The loading rig appl ies the two loads on addendum and dedendum - through
twi screw devices with built-in calibrated force transducers. Load positions can be

adjusted along the entire profile, see fig. 4,
Deflect ion was measured tinder loads of 0,5 1 1,5 and 2 newtons, which is etui val(.nt
to loads 1(.o00 times as great on the same gears made out of steel. The loads were
applied at 12 tdi fferent positions on the addendum and dedendum 11inea of contact.

lie flection values were determinied by holographic interferometry with double exposur,
holograms using an Argon ion laser at 488 em wavelength, all fringe readings bin)
made from image reconstruction in laser light.('7).
The elastic properties of the urethane elastomer used in this investigation and
its suitability for simulating the behaviour of sttel were obtained from various
t!ni lees. u]tress-strain characteri st ins show good proporl ional ity and the test

l,,ads c,rrepond to the extent of linear portion, irfirring that rc ult- obtained on
th'' elatomer mcdel are to a reasonablc degree applicable to a tf'' Fear totth. The
oissor dratio was found to be (0.4 for the urethane elastomer. 1or,th deflection along

the path of conact under a load of 1,5 N (5),000 N Ol steel tooth) divided equally
ovter addendum and dederldum points of ctitact is shown in fig.,
for a tooth with 4 mm normal module arid M30 degree h, lix angle, the load position' lit' ,
'h sen 0,2

, 
II apart. The effect of load varlatit, is : hown in fig. I

irdirading the slope i; markedly higher at the start of tooth co: ta,,t than iti the 'erTt
tir.e due to the relatively low tooth stiffr'ss at it t xtrmitie .

N ,f H 'tio c ould be consid r'etd proport tial to the applied ,l ,ad itIr invtr:;t,' p rper -
ti ,nl t h en, normal mot-ule, all other parameter remaitliuig tistant, a, re tiullel frm

j.l0) measlirimerts. The fil lowitig relationship was deri e'd for ttie 'les'iif th
- ar, p-t h ,I t o /t

a , " ( an d MN  1
whlr re e ttrils f'ct,,tr I(1.01104 fIcr irn'thi'tn', I ,) 1 ',0 r ; tt't'l

' l t'teffi,'irit, ,ee fip.c
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The max iTium va !x ieo the le ec tion coeffic ient for various helix angles is given
it table II
Bending momert listribution along the but it-in edge of the tooth is a very impor-
tant data especially for high-pow.,r transmissions. The method of finite difference
equations has been applied to a thin cantilever plate model to determine bending mo-
ment: from deflections, at various points along and across the D.C.A. tooth.
As result of this investigation bending moment distribution can be written in the
fol lowing form:

M = f-d (Pa - Pd) Nm

where f materials factor

(I.OXiO
"
' for steel, l.Oxl0

1 
for urethane)

K = coefficient of bending moment distribution, shown
in fig. 8 and table III

Measurement i)f 0* ". . Tooth ot Stresses with Clectric Strain Gages

In this investigation three pairs of D.C.A. teeth with different helix angles of 200,

30", 400 were cut from: steel according to dimensions in the normal plane shown in
fig. 3 and table I.
The stresses were measured by miniature electric resistance strain gages (I mm gage
length) using static strain meter and switch box, at circumferential loads of 2.500-
'.000-7.500-10.000-12.500-Newtons.
Strain gages were pasted at 5 points of the critical section, see fig.9 , determined
by applying Hofer's method and isotropic wedge theory at the root fillet Compres-
sive stresses were measured with thirty strain gages in total which were pasted on 3
teeth for eah of the two meshing gear.
In the static loading test rig used in this experiment a test gear can be loaded at
arbitrary meshing positions with a power screw of maximum loading capacity of 2.000
Newton, and a loading bar by fixing a supporting gear. The applied load value is de-
tected from the readings of the loading cell strain gages. The meshing positions are
determinel by measuring the distance botween two specific gear teeth in one pair of
gears with aq nasuring miros ipe and a graduated scale.
Fig.10 shows the meshing positions selected for measurement and calculation of root

tresses.
F. 11 shws at example of the measured root stress distribution in longitudinal di-
re:tion under I,,ad 1 .ho)0 Newt nq and helix angle of 3 0 g. It is faund that maximum root

-aie; occur at the meshing position ( 17), which coincidetalmost with the outer

tt" sigle tooth pair contact, in the central transverse plane. The absolute
vao,- of the ratio Of the 5niximum root stress at the compressive side to that at the
tensile stii is abolit I.,. Thif may be attributed to the effect of the radial compo-
no f the toth Ial jq- I - ond 'wo loadi ng points, one on the addendum and the other
on deidnm at the ,,5 c-i
The pozit ion of crif I t,'ti,)r Js letermined by applying isotropic wedge theory on
the normal ;ec-tiot.
The length iH' fim rili a. ;ctiun ti the tip of toDoth and the chordal thickness
at tne rltical e-tion ar mr,,- red to be used for stress calculation.
Acc ording to th ecalculatd r ults in fig.12 , the stresse; in double circular arc
t oth profile gear teeth ar. r-arly eiial at all the positions along the tooth traces;
hw v er, it will bI bvi)if from ',1he experimental results in fig.1 1  , that the stress
at ime en,I p rt; i f h ti th trac- are a Ii ttle smaller than thse at the centre
-ar. Thin -lit teren,

, 
hetwet (,al-oltion ard experiment is explained by the fact that

e er- t ooat-ofth t- ,--,t th,' rl part of the tooth trarl, has ot been aceoun-
t ' I J" i thmrmi£]l l~l it li,

I" ; n, he , r lX ty 'I" ,, ending stress distribution In P.C.A. , 'are, the
,., t!,-, ''t ::h-lr l J hr. 1 ge si- width, the part otriv 'x, -art coneave tooth
ir i , th, , -I i -i al - tlat' pressire dIstribution and the effect of helix angle

r- a n lyti-I:-l] o t-i i I the' elastic problt riem -, ut o f the questiotn
i t ri 1.dim F:. tialyi:; e,' . I ,,prio liate ( 8 ) i itit the SAP-h program.

"'t' ,it ly'l I ilies II the, th,,en i ,ihn t ; w rvrw im -arried -lit in statli I 'onditions,
ini i tnIr, fe-et ,ft t rii' ] fr, c dcu, to oloitb friction at the contact surfaces of
r;t h£ rir i: heirng te rm n .. v -istri tie that, these friet i-ri fir-(i lo 0 - cmail I in-
P-, ,1., a1; in the cas1;e 11' 1). ".A. ,'a-ir tI,, T it . of c ri tact slide with .- :;tait mspeed

"I iii Tb'' tooth rt -~o ,soirihg -id-puiatelotiti.
A thre dimenri-ioral ,i i: i r-letrnt ,f the type PR 

5
mi is choseni. Tther ik'e r tomth was dis-

- rr-tizr-1 int'- ni) eiem ' ; 1i' to ; typr :yr ' t h,'t an adr'qorite presentati-ti -if the
aaryi , try t

1 
ipti o ]at .>-id n ' It ht' t ti - rt aoe

Thr re,'-rilt obtaiir- are rr'mi'taliy -1,l t,, lhos, obtained by 3 i-hnlograpi inter-
f-,'roimef ry,
Fiy. l, show-; the deflIr-tion di-; ribot io, alIrig th, patth f -- ntact a the load
-,vt,-> fIrom start to ernd io cotta,'t, wh,-rca; ftie. 14,1i',It chow the FE model utoaded,
r>-;oi-- ively I -amd it tltr '~tirt ar, it , th,- mill - the- t -th 'o ntarct.



r tested ',cans t! 1 ,III. , , ,["r ,
Ail t, a ll 1 load applied at the' iII-lo rf ,: itf 1
I n e r i wthe s trai n read inw,,tak . ,-"Ir

Iti( is, it was assumedl that M M

y n
andS

Whe re MxN oe petv'(it: it I eg hinseX n i

6 - stresses in the X- and Y-d irfeetion

e strait n r the X-di rent ions

tt'oth tti1kr a- at, the nrt.:tldet'ed ,e-tioin.

The principt al stre,-ss atv mJi iciat inn to the fined e Ige were calculated fe ' the
stnai n measurements. It iaa t V!iid that the rttgnit ute ,)f- the pricip al stress at all eni-

tal ptittts is I1' to 20 /t er tihge tihan the Value of (F.e 1 (, it' tither wori,ls
i t i t rite 0 t) Ii iiher thatn. the ,au fFx defined by.

Mx x 2

(I - a

Bending stress S b can he calculated as follIows:
b

Whe re Z,, - at. ertulilvaIe n t mod111u s i n betri d ing fo r the cr1 t i cal1 tth c tot i-ott p,er 'it.

10.I e r ti t A r.i the max im tm betdi n1g s tress

Ma. the maxtimum, bending moment pjer, unit, length along tlht ri.t ri w t, wr tiA

Wh,, r h toth heig Mr
C rejtfi.ion tact-c due t, the inclination of the load line.

in - .6, tIonta circular arc gears)

'I, man istrur lad intenoity dluring ne meshing, cycle W1IM

,n'l W -total trnarsmitted lead norrmal load -W ,W
na 2

Where t = Addlendutrm normal lead

W, iedendum normal load

L. minsimurm length of econtact during the mesh eyce ' rI
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Nfar r, "d act"?r 0.1 ,p

rj Norma.: base pi tch .MN.cs

II"

MN Normal module

I8 f elix ang, 1e

length of line of action

T- .th face width in case of double circular arc gears.

2.1 W
n 

. M
N 

. h . cos 6

F
2  

6

b C . W t PdCI (71
max. F . m

N  y . cos-2

where W, otal tangential load

d ametral *itch N = No. of teeth

i pitch diam. .t gear

- =7T P P_ circular pitch

/ N , 1 = rroal circular pitch

PN p "' : // " N

The value >f the total taniential load can bc 1',u0, a; f-,l,-s:

W, W Wrn ,os . 0 n . c"s ,

normal pressure angle

Y . h . cos,3
7' Fe Id n..

p Pd rvrmal diametral pitch

1 . cos
2

N . cos i n1 (

A'0 '1t' ta' f"tr geometry f'actor obtained in tf: i. 2 X, of fros euations (2
a , i 8) we found that:

21 h; "1 " s n"'''*I a in: .h i . (ov A

i p

equl irs (r,", the maimum tangential I--f a. te

I d ( if 141: inmaxtm 14m1

mxYF.a
"1F .a p . o

2.5 __________ 0



From the measurements taken in this; rc -- It., os

was found and applied in equation 110, - I r: the value f .

which was checked again with the actual valt,

The value of the maximum bending otr'u" cc :', .r-. "b ''

gear material. The value of the real astual tgro -l i

can be calculated from measurements. Then the value h g. , . 'I t h
calculated from Equation (10).

For all measurements done in this research for te:sted stt,l rear-............,.
the average value of Y factor was calculated and colpsr t , t thi "cal u-- J. t-'.' : .
experimental work done in this research and found to be 0 ., 1 ,.
The maximum load carrying capacity formula of double circ ar arc tooth gears thit carl
be used to design this type was derived from the experimental ird hr-', r-1, ,I t, Jv
and found to be as follows:

F2 Dp

t b Y . - . ccs
W t  0.465 .S

max. max. N MN

Where SI = maximum bending stress of material of test gears osel.
max.

Bending and Contact Stresc'es of Double Circular Arc Tooth Profile Gears

Fig. shows the results of the stress calculation on gear teeth ,f double cir-ular
ar: tooth, where line (B) shows the bending stress at the root in the case that conta,t
is located at the center of face width, and line (1) are the results of simplified cal-
culations corresponding to the line (BI and are obtained by assuming that the force is-
concentrated at the center of addendum and dedendum area of contact.

Line BWE is obtained from Wellauer's method mentioned in (10).

Curve (B ) which is calculated on assumption that the load is applied along the width
of addenlum elliptical contact shows a better result than Wellauer's. method.

From this it follows that when helix angle is small, it is obvious that the bending
moment at root must be calculated considering the area where the tooth load orl adden-
dum and dedendum is applied.

Curve (C) shows the results of the contact stress calculated for doible circular arc
gears, Fig. 18 shows the bending and contact stresses of single and double circular
arc and involute profile gears (in case of large helix angle).

Fig.19 shows the bending and contact stresses of single and doubi,, circular arc aId
involute profile gears (in case of smaller helix angle).

There are many methods of stress calculations for involute helical gears, but in this
research work, comparison was be made using the stresses calculated with the formulas
used in practical gear design.
In the involute gears used for comparison, helix angle and normal moduIle are 'hi) ei
to be equal to the corresponding values of the single ard double circular arc torth
profile gears, and to be of standard tooth and 200 normal pressure a:igle.

The contact stress of single and double circular arc gears is larger thatn that of the
involute gears when the helix angle is larger, but in case of a smallfer helix angle,
the contact stress becomes smal ler than that of the involute gears. also the curves
show that the double circular arc gears tends to carry 1.5-2 times the load carried
by the single arc gears of the same size and material.

impari!con Between The DiIfferent Methods ''el

During this research work a complete study .F" root stresses was exeuted using -,xperi-
me'ntal and numerical methods applied t(, the double circular arc tooth profile gears,
at 1 the results given by this method were cmpared t,, each other and at the same time
to the previous researc-h wrrk on single cirilar arc )ear's atnd covent ional helical
roe ilte gearn.
eullts~ btainedr by the I-l) finite element mth-l sh(w a differcice of 1() /, from thoseoh-

ta:rd by i-1D holo>graphic interferometry 11, and the results ,f bo)th methods compared
tii the electric resrmtar,- strain gage measurements givec; a gr(et(r differeice than the
last mthteo rer'icntslt' real lading -ciditi-rs s i real Irorded test piar's.
l1,t lith nimeri al arli esperimental methods :h,,w that the drubl a-r,-rlr irs gears
setre able to carry hiqher loads than the involute qears.



Fig. 20 'w root stresses measured and calculated by the different methods for huble
circular arc gears, when load is applied at the middle zone of c intast.
Values -t" roit stresses measured using electric resistance strain gages are greater than
those calulated through numerical methods, the difference of the order of 20) - 25 %
c, this diference due to the variable factors, mounting conditions, loading conditiois,

Itirg efect and the combined stiffness of teeth and m aterial arid teeth surface or-
t i ,s.

Var )us oderri scientific investigation methods were used to study the elastic behavi .ur
If double ircular arc tooth profile gears, such as 3- Holography, 3-D finite elemen

t
s,

-,:slr.,-e train gauges and the isotropic wedge theory.

trnlt ,, Athis research work are summarized as follows:

.A !tI 1,-ctn .c t'ficiert is experimentally derived and introduced in the deflection
i lt riritionochip for different positionSof loading.

A b m-t distribution coefficient is numerically derived from deflection
iMl iantrodi ed in the bending moment distribution-load relationship

dilt -rerit p-i iions of l>ading.

I h'h. :;m, - nd i t iors of pressure angle, load applied, helix angle, normal module
, i; ti "'aeri'ial, maximum deflection and maximum bending moment at built-in edge

Sl- ! ir bible ,ircular arc than that for single circular arc tooth profile gears
Sri %'-s that the first is stiffer than the second one.

4. vlue f beding treso calculated from E.J. Welleuers' method is always greater
thar, trom n vailues fi'utn in this research, especial ly when two methods becomes very

. o~ll U~tl 0' 'l'rhg stress f siingle and double circular arc tooth profile is always
reaft r than that If the involute gears in the rangie of helix angles 13045

' 
to 4201W.

f. !-" , t -t " e becmes smaller than that 'f the itvoluto gears when the helix angle
h - Me.; _rnaller 

t
h n 37( 

'
.

.Fr blihie sirealair arear when increasing the load angle it tends to give better
3 1d -rrving. -apacity and low acuracy )f" traosmissioo but for smaller helix angles

it ws bietter -i)d ',arrying capacity aoid better transmiss iorl accuracy.

i. Wh, 1 dreasing to' helix angle th. tilting effect is reduced leading to bettor con-
tat a racy.

. ult: btainrei by 'he i-1) tinite element method clh-w a difference of 10 1% f, ,C
thatt I by '-li hol ga,pli interferonetry.

.!y applying, the apex of th, izitropic wedge at 0.25 x the distance from tooth sur-
:., t 'h ' .. .oter ine of tooth profile, the values of root stresses 'alciilated

.,h -w 'i r-"i: cnahle: resl t is , fmpaJ red to those values, calculated by 2-D finito el-

1h. 1 t--i i i i wh 'h <', ie r'riod by the double ci rcular arc gear tooth profile
x c i u,- ,ts I ly aond fhettic-ti'a ly derived and found to be:

().4', . Y ,bronx y ) 1' . os','

t P,)xh ca Ti - I

"i rt ' tri M ,,et'y fatoe f f unt b- ./ ' si xpotic,r ntaqly 'alciouI'l! v th,
:ti ogs l,tt' "' ti''uh mert .

it. t i 9''' i t',, 'hdy be'tw ,' I 't- I ,vt I t A t,' i r , ties n to aI re, '1, ], r u-
i {r i

[  
r ' ;h- [} ' t I [r t th'' , H ' "1 " r ~ [ '1:' , ' t . t"',n x t , Parry 1 .i, - ' , i:r ,.:

th,, ] ri'l wh i,1h ninkle ' r ' ];r :f 4 . . he: inil- :: Iz, 7[ 12 'l ] I l [[V
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uemonstration of G-Met Corrective Machine Settin2s

In order to evaluate the effectiveness of the conversion of UMM-500 measurements into
delta machine settings for the spiral bevel gear grinding machine, a sensitivity study was
conducted in which bevel gears were ground and reground with machine settings that pu-
posely deviated from the Gleason grinding machine summary settings in accordance with a
specific matrix. This w - rix involved 10 first order changes for the spiral bevel pinion
and gear (Figure 15) and 8 second and third order changes for the spiral bevel pinion
(Figure 16). Each setting change consisted of 5 variations including I baseline, fo., a
total of 142 grinds (91 for the pinion and 51 giinds for the gear).

Gleason grinder first order changes
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FIGURE 15 GEAR GRINDING MATRIX

Gleason grinder second and third order changes

SPIRAL -. t;i 0-1A;tif

FIGURE 16 GEAR GRINDING MATRIX

* An eccentr cc angle change of zero degrees and five minutes (0"')

* Machine center to back wit.hdrawal of .020 inches

* A pressure angle change of zero degrees and thlity mcnutes (f)"30')

* A root angle change of zero degrees and twenty minutes (0"20')

The eccentric angle change 0'5
' 

resulted in a maximum deviation of -. 0049 inches in
the bevel pinion profile geomnetry as shown in Figure 17. When the pinion was regiound to
the corrective delta setting calculated by 0-Met, this deviation was reduced to -0014
inches (Figure LB). A second regrind resulted in a maximum deviation of -. 0003 inches as
shown in Figure 19.



It has been shown that there is good correlation between the Gleason test machine
Oat terns and the UMM-'0U measurements. Figure 13 shows a plot of derived test machine
va'lues compated to UMM-00 values. The test machine values plotted are the observed
dilstance rrom the end of the test machine pattein to the toe end of the tooth. These
values are the measured surface deviation at the same point. The correlation between this
data and the Gleason patteLn is as expected.

TOOTH MEASURMENT TO
THE TOE OF THE GEAR

.400 / 200
Gleason pattern

.300- '150

Gleason Zeiss values
tlest/ In millionths

machine Zeis at an inch
values .200 ZeIss data 100

.100-- -50

1 10 20 30 40 50 60 70

Tooth no.

FIGURE 13 COMPARISON OF MEASUREMENT SYSTEMS

This tooth measurement system has proven to be useful in the analysis of vat iatiois
which exist in master control gears and in production geais manufactured by different
manufacturers even though test machine pattern comparisons showed no reason lo rejection.

If the deviations from the nominal values, as measured on the UMM-500, are not
acceptable, G-Met will permit calculation of corrective machine settings based on the
magnitude of the measured differences and their location.

For the first time a spiral bevel gear tooth can be measured and compared quan-
titatively to its theoretical form. The primary advantages of this system are the degree
of accuracy attainable, the capability to evaluate tooth geometry over the entire surface,
the ability to calculate grinding machine setting changes, and the reduced time needed to
accomplish the inspection process. A flow chart showing the manufacturing and inspection
of a production spiral bevel gear set using this system, is shown in Figure 14.

GEAR TOOTH PRODUCTION PRO('SS

FIGURE 14 BEVEL GEAR PROCESSING FLOW CHART
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COORDINATE MEASUREMENT
TOOTH PROFILE PLOT

FIGURE 12 DISTRIBUTION OF MAPPING POINTS

Presentation of the results of the measurements are graphical plots, as shown in
Figure 9, and a digital printout (Table I). The digital printout locates each grid point
by column and row number. For each grid point, the X, Y, and Z coordinate values are
listed as well as the x, y, and z deviations from the stored nominal values. The last
column in the printout is the deviation in the surface normal dimension and is the value
plotted in Figure 10.

T 1 DIITA PRITOU OF MEASURED OINTS

TABLE 1. DIGITAL PRINTOUT OF MEASURED POINTS



FIGURE 11 PINION SET UP INTHE UMM 500

When measuring the compound curved surfaces of spiral bevel gears, the "continuous
probing" mode of the UMMI-500 system is particularly beneficial. The machine canl follow
the contour of the part in a predetermined direction in the same manner as the follower
head on a 3-D copy mill. The automatic positioning control that is actuated at probe
contact scans the free axis of the machine until the inductive measuring system in the
probe head is brought to its null point. The moment this condition is achieved all three
machine coordinates are automatically transmi tted to the computer; therefore, the probe
may be locked in the X axis and be made to traverse to predetermined locations in the Y
axis, while automatically following contour changes of the part in the Z axis, and the
machine will remain at a pieselected X-Y location until the probe has been nulled in the Z
direction and the position information transmitted to the computer. It will then proceed
to the next X-Y location.

Tooth flanks are measured in CNC mode. Nominal points on the network are loaded from
the magnetic tape cassette into cote memory and transformed into machine coordinates. The
computer keeps track of the momentary position of the probe and detezmines the path to the
next point. The measured deviations from the nominal surface are determined along the
projected surface normals.

After measurement of a complete tooth flanic, requiring approximately 3 minutes for 45
measuring points (see F'igure 12). the probe automatically returns to its starting position
and awaits further commands.



This improved method of tooth measurement and numerical representation of tooth
errors at each specified probe point will provide a means for quantitative evaluation of
the spiral bevel gear tooth profile in physical and measurable geometric terms without
resorting to subjective visual comparisons of tooth contact patterns. This method will
not only eliminate the need for a Gleason running test machine but will replace the
Gleason gear blank checker, tooth spacing checker, tooth index machine, master control
gears and associated set-up gages.

U.S. Army AVSCOM MANTECH Program

The overall objective of this program is to develop a manufacturing method and the
technology required for an in-progress and final inspection of spiral bevel gears using a
prototype, automated, mechanical contact coordinate measuring machine. The program
comprises four phases. Phases I and II have been completed and Phase III is currently
funded under Contract NAS 3 23465.

Phase I involved the definition and development of a final inspection technique for
spiral bevel gears utilizing a three-coordinate measuring machine. The UH-60A BLACK HAWK
main module bevel gear set was selected for evaluation and study. In this initial phase,
a Zeiss UMM-500 universal measuring machine was procured, installed in the Sikorsky gear
inspection department and converted for spiral bevel gear measurement by the addition of a
rotary table and a Hewlett Packard (HP) computer package. Tooth profile measurements were
taken on the master gears for the selected gear set, and on a number of production gear
sets, using both the UMM-500 and a standard Gleason test machine. In Phase I, a final
inspection process for spiral bevel gears, utilizing a computer controlled three-
coordinate measuring machine, was demonstrated with positive economic and technical
results.

Phase II involved the development of an in-process inspection technique for spiral
bevel gears where the measured deviation from the nominal profile are converted into
corrective grinding machine settings during the production cycle. A sensitivity study was
made in which gear test specimens, ground with machine settings which purposely deviate
from the normal settings, were measured on the UMM-500 and the corrective settings deter-
mined by the Gleason G-Met software package. A comparison of the calculated setting
changes with the actual settings used to grind the gear specimens will validate the
computer program. An alternate empirical approach, using the matrix of deviations caused
by each independent setting change, will also be evaluated.

Phase III is a pilot production monitoring program on a production gear set and a
qualification test on the experimental design.

Phase IV is concerned with the documentation of a new manufacturing and inspection
specification for spiral bevel gears.

Advanced Bevel Gear Measuring Technique

The initial task was to demonstrate that the topology of a spiral bevel gear can be
quantitatively measured and compared with the desired nominal values stored in the com-
puter.

The simplist method for determining the nominal points on a gear tooth flank is by
digitization of a master gear. The master gear is a carefully manufactured comparison
gear with a developed profile that has been proven under load in the actual gearbox
installation. The measuring machine is programmed to probe points on the flank of a
master gear tooth for storage on a magnetic cassette tape. Specialized software permits
rapid generation of an evenly distributed point network along either radial or axial
sections after manual probing of the corner points (see Figure 10). The vector of the
surface normal is determined mathematically from several automatically probed points in
the vicinity of the specified network point. When making measurements, actual points on
the test gear flank are numerically compared with stored point locations on the master
gear flank. The master gear, since it is produced on the same equipment as the test gear,
will generally contain some random form deviations that vary in magnitude from tooth to
tooth on a given master gear and from one master gear to another. In general, it may
become necessary, in this method, to create an average nominal master gear profile by
integration over a large number of actual master gear flanks.
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COORDINATE MEASURING
SET-UP TECHNIQUE
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FIGURE 10 GENERATltON OF NETWORK POINTS

Even though spiral bevel gears have a high degree of geometric complexity, it is
reasonable to expect that the theoretical surface can be generated numerically by computer
simulation of the manufacturing process. This, in fact, has been accomplished by the
Gleason C-Met software package. G-Met is designed to provide the computer on the UMM-500
with the ability to:

1. Download theoretical tooth surface coordinate data and corrective matrix from
the Gleason main frame computer.

2. Direct the machine to measure the tooth surface.

3. Compare measured data to theoretical or master gear data an:d calculate dil-
ferences between the two surfaces.

4. Calculate corrective cutting/grinding machine settings based on tht. measured

differences.

5 Make tooth spacing checks.

G-Met permits more freedom in the choice of the form and density of the point network
and provides a more theoretical baseline than the measured master gear values, which
themselves are subject to manufacturing errors. An evaluation of both methods will be
made in this program.

The inspection process for a production gear will consist of setting up the gear in
the UMM-500 and automatically probing the surface at the specified network point loca-
tions. To accomplish this, the gear is mounted on the coordinate leasuling machine table
or on the indexing table with its axis parallel to the Z axis of the machine (see Fiqure
11) with care being taken not to deform it while clamping. Part alignment is achieved by
bringing the probe into contact at a series of points on a reference diameter to establish
the location of the Z axis of the gear in relation to the machine axis. The reference
coordinate system for the nominal data for the bevel gear is then located along the gear
axis. Any desired zero point can be selected along this axis. In order to determine the
angle of rotation of the gears polar coordinate system relative ti the machine's coordi-
nate system, a known point on the tooth flank is contacted and the deviation of this point
from nominal is set to zero.



limited spatial probing In any of the three orthogonal directions. This machine, in
conjunction with a sophisticated 3D software package, provides a distinct and quantitative
means of measuring and mapping three dimensional surface contours. In order to accom-
modate the complex surface of the spiral bevel gear tooth, the Zeiss system also uses a
precision indexing table, shown in Figure 8, which is integrated as the 4th axis in geai
measuring programs. The computer program packet for gear measurement permits the deter-
mination of the face profile coordinates of spiral bevel gears at an unlimited number of
probe points on the tooth surface and a point by point comparison with stored nominal
reference values representing the master gear tooth profile. This reference data can be
obtained either by measuring a master gear with the developed profile on the UMM or by
computing the theoretical coordinate values at specific probe locations using the final
grinding machine settings. By considering the deviations from the nominal values in the
three axes and the normal vector, the computer determines the deviation of the surface
normal at each probe point and prints it out. These values can be drawn by the HP plotter
at a preselected scale, and interconnected to make up a three dimensional error diagram
(see Figure 9).

Wi

FIGURE 8 ZEISS UMM 500 ROTARY INDEXING TABLE
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FIGURE 9 TOPOGRAPHICAL MAP OF GEAR TOOTH PROFILE



Once the development is complete, several sets of master control gears are made that
duplicate the newly developed pair as precisely as possible. These control gears are used
to inspect the production gears. They are run in the Gleason test machine against each
mating gear subsequently produced by the final machine settings to viiually inspect the
contact patterns against those obtained from the developed master gear pair in order to
maintain uniform quality.

The production process control for spiral bevel gears is, in effect, a miniatuie
development process except that the changes required to keep a drifting pattern situation
under control are more subtle and involve the visual comparison of a productioni gear
pattein with the established master gear pattern and the necessary corrective changes to
keep the two in agreement.

Improved Gear Manufacturing and Inspection Process

The quality control process described above has certain inherent disadvantags.

First, the acceptance or rejection of a production gear is based upon a visual compahison
of tooth contact patterns. Not only the size of the pattern, but its shape and location,
aire significant. Acceptance limits for these features are difficult to define quallta-

tively; therefore, the accept/reject decision becomes a subjective one and is subject to
the human frailties of the operator. Second, the size, shape and location requirements or
the tooth bearing pattern are peculiar to each gear mesh and gearbox mounting and no
particular area, shape, or position can be considered universally ideal. Third, since the
tooth contact is localized and tested under a very light load, the edges and corners of
the tooth cannot be measured directly. It is necessary to determine, not only that
satisfactory bearing patterns are obtained when the gears are mounted in their equivalent
running position in the gear tester, but to what extent this pattern can be changed by
axial and radial movements of the pinion axis, with respect to the gear axis, that would
move the pattern to the limits of the tooth contact zone. This is known throughout the
industry as the V and H check. By comparing patterns at these extreme V and H settings, a
cursory check on lengthwise and profile curvatures is maintained.

It is apparent from the above discussion that a need exists for a more definitive az'd
quantitative means of diagnosing whether specific in-process changes are necessary in the

grinding machine settings to control the tooth profile geometry within rather narrow
limits. This control is important for highly loaded gearing to prevent concentrations of
load that could cause scoring, pitting or tooth breakage.

A Universal Coordinate Measuring Machine such as the Zeiss Model UMM500 shown in
Figure 7 offers an effective alternative solution to the problem of spiral bevel gear
tooth measurement and control. The UIM500 is a highly accurate three-coordinate measuring
machine with an integrated Hewlett Packard (HP) 9836 computer system that permits un-

FIGURE 7 PROTOTYPE GEAR MEASUREMENT SYSTEM



FIGURE 6 GLEASON KYPOID GEAR GENERATOR

After the gears are ground, they are instailed in a Gleason universal test machine
(F igu re 1) that is set up using precision gage blocks or set up gages to the theoretical
gear mounting distance, Using precision work holding equipment, the gear and pinion are
mounted in the same relative position to each other as they will be when run in the actual
transmission gearbox. The test machine also allows calibrated adjustments along the gear
cone axis, along the pinion cone axis, and in the vertical offset direction.

The gear and pinion are rolled together in the test machine at a predetermined light
brake load (approximately 100 in-lbs of torque) applied through the pinion spindle. Prior
to running, the gear and pinion teeth are painted with a gear marking compound (similar to
jeweler's rouge) that produces a rolling contact pattern on the gear and pinion flanks due
to the surface contact between the mating teeth and wearing away of the marking compound
(see Figure 2).

The gears ground to the undeveloped summary settings are then installed in a test
gearbox and run under load. The observed composite gear contact patterns are a final
indication of the acceptability of the manufactured tooth profile shape.

If the tooth profile contact does not meet the desired shape location and percentage
of contact required by the application, the gears are disassembled for regrinding. The
usual practice is to regrind, or develop, only the pinion member because it takes less
machining time (due to fewer teeth), and because of the Glfason system convention for
single side grinding of the pinion. At this point a gear engineer conducts an analyses of
the dynamic load pattern, evaluates the Gleason test machine no-load pattern, and makes a
judgment as to what changes are reguired on the pinion tooth to improve the dynamic load
pattern. To assist the gear engineer in determining what move or correction to the
Gleason grinding machine set up is most appropriate, the pinion cone axis and the vertical
offset in the test machine can be adjusted to change the pattern size and location. These
adjustments provide an indication to the gear engineer as to what grinding machine setting
will be most effective. In most cases it takes a combination of two or more moves to
correct a pattern and more than one combination can produce similar results; however, only
one combination is optimum.

The pinion is reground to the new adjusted setting and the testing process repeated.
The number of iterations necessry to obtain a satisfactory gear profile depends upon the
skill and experience of the test machine operator and/or the gear engineers. This judg-
ment process is probably the weakest link in gear tooth pattern development even with

experienced 

machine 

operators.
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The geometry and nomenclature of a spiral bevel gear set is shown in Figare 5.

Pitch Apex to Back
Crown to Back

Pitch Apex to Crown-
Crown -

Angle Apex A

F.,

A 9
"\ t ic iaeei

cBackAxial Section Dcone,P

Bc.

FIGURE 5 BEVEL GEAR NOMENCLATURE

Gleason gear grinding machine setting changes involve first, second, and third order
changes. First order changes affect heel and toe pattern position as well as top and

flank position. These changes are used in the final positioning of the tooth pattern.
Second order changes include bias (diagonal movement) changes, profile change and wheel
diameter changes. Third order changes include wheel dresser changes and heel and toe
length changes. There are approximately fourteen machine settings that are used by the
machine operator in first order changes that affect the shape and position of the gear
tooth pattern. Second and third order changes require a calculation of values, using
formulas provided by the Geason Works, by a gear engineer who is consulted prior to making
second or third order changes.

When a new bevel gear set is to Le produced in quantity, it is first necessary to

"develop" the pair - that is, to determine the desired locaticn and shape of the tooth

bearing in the Gleason test machine that will provide a satisfactory full and uniform load
bearing pattern when run in the production gearbox. This is currently accomplished by a

trial and error process. The gear teeth are first semi-finish cut to size on a Gleason
bevel gear generator (see Figure 6). The gear member of the pair is their set up in a

Gleason bevel gear grinder (Figure 3) to the calculated but unconfirmed machine settings
provided by a Gleason gear summary. This summary consists of aproximately thirty machine

settings for each side of the tooth. The gear member is ground "spread blade" (both
concave and convex sides ground at the same time). The pinion member is set up and ground

in the grinding machine to the unconfirmed pinion settings indicated on the summary. The
pinion is ground "single side" requiring a separate set up for both the concave and the
convex side.



This current method of manufacturing primary drive spiral bevel gears requires an
experienced and qualified organization. It is often expressed that the development of a
spiral bevel gear is more of an art than a science. This expression is based on the
requirement for skilled bevel gear machine operators who must use their background experi-
ence to evaluate the position, shape and contour of the gear tooth pattern produced by the
rolling test in the test machine. The machine operator's judgment is relied upon to
determine what machine setting or combination of settings is best used to correct an
undesirable featured in the test pattern.

The Gleason gear grinding process is a culmination of motions and tool paths that
generate the bevel gear tooth form into a continually varying non-involute curve. Basi-
cally, the Gleason gear grinder, shown in Figure 3, has a cradle that supports the formed
grinding wheel shown and has a radial oscillating motion while the wheel moves in and out
of the gear tooth space. This cradle motion is controlled by a generating cam that can be
adjusted through the cradle angle setting to modify the ratio of motion at one end of the
oscillating arc in relation to the other end. The gear to be ground is mounted on a work
holding fixture precisely centered to the work spindle that is in constant rotational
motion in a controlled ratio to the cradle. The grinding wheel is mounted concentric to
the cradle axis (see Figure 4) in a fixed relative position to the cradle center oependent
upon the wheel radius, the spiral angle, and hand of spiral. The grinding wheel, in
effect, acts as a single tooth of an imaginary generating gear. The wheel is dressed
automatically at prescribed stages in the grinding sequence to maintain surface finish arid
profile accuracy.

FIGURE 3 GLEASON HYPOID GEAR GRINDER
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FIGURE 1 GLEASON ROLLING TEST MACHINE

control master gear simulating no-load operation under actual gearbox mounting conditions.
Tooth contact patterns under these rotating conditions are observed by painting the teeth
with a marking compound and running the gears with their mating master control gears for a
few seconds in the gear tester under a light brake load. Because of the compound cuiva-
tures inherent in the spiral bevel gear tooth form and the profile modifications designed
into the tooth geometry, these gears typically exhibit a localized composite tooth bearing
pattern (Figure 2) which; ideally, should spread out under full load, filling the working
area of the tooth with some easing off at the end areas of contact. The size, shape, and
position of this tooth bearing pattern is a gross indication of the tooth topology both up
and down the tooth profile and lengthwise along the tooth race.

PATTERN TAPE RECORD

MASTER GEAR PINION

CENTRAL BEARING - DRIVE

CENTRAL BEARING - COAST

FIGURE 2 SPIRAL BEVEL GEAR TOOTH CONTACT PATTERN

The goal of the design and profile development phase of spiral bevel gear manufacture
is to obtain a localized test machine pattern of a size, shape, and location that will
produce the desired full load pattern in the gearbox. The goal of the gear production
phase consists of duplicating the desired tooth shape during a production run and from one
production run to another.
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Abstract

A manufacturing perspective of an advanced technique for the design and in-process
inspection of spiral bevel gearing utilizing a computer controlled multi-axis coordinate
measuring machine, is being developed at Sikorsky Aircraft under sponsorship of the U.S.
Army AVSCOM Propulsion Laboratory, Cleveland, Ohio.

Both the designer and the gear manufacturing engineer will have more options in the
analysis and manufacture of bevel gearing due to the positive control of the tooth profile
geometry and related gear dimensions as permitted by the advanced technique.

The Zeiss Model UMM 500 universal coordinate measuring machine in conjunction with an
advanced Gleason G-Met software package provides for a unique interaction between the
designer and the gear manufacturer that permits rapid optimization of spiral bevel tooth
geometry during initial tooth form development.

This paper describes an advanced design/production technique for the in-process
inspection and manufacture of aircraft quality spiral bevel gearing. The technique
involves mapping of spiral teeth over their entire working surfaces using the UMM 500 and
quantitatively comparing surface normals with the nominal master gear values at some 45
grid points. In addition, this technique features a means for rapidly calculating correc-
tive grinding machine setting changes for controlling the tooth profile geometry within
specified tolerance requirements.

Introduction

The inspection of tooth profiles that is commonly performed on spur and helical gears
is not feasible for spiral bevel gears because the tooth shape and thickness varies over
its face width instead of being constant as in the case of spur and helical gears. spiral
Bevel Gears are currently inspected on Gleason test machines which provide a rotating
check simulating no-load operation under actual gearbox mounting conditions. Tooth
contact patterns under these conditions can be observed by painting the teeth with a
marking compound and running the gear with its mating master control gear for a few
seconds in the Gleason tester with a light brake load. The gears typically exhibit a
localized composite tooth bearing contact pattern which, ideally, should spread out under
the operating load, filling the working area of the tooth. The inspection task is a
subjective one to ascertain an acceptable full load pattern from a localized composite
pattern. The machine operators task is even more difficult becouse he must make a judg-
ment to change the machine settings in order to correct an undesirable feature in the test
pattern.

Therefore, this manufacturing process for spiral bevel gears is more time consuming
and costly when compared to the spur and helical process of control.

Experience has also shown that highly loaded aircraft spiral bevel gears can develop
a tooth scoring failure during initial transmission test stand running even though the
tooth contact pattern is within specification limits as determined by the present method
of control.

The current bevel gear method requires the use of master control gears which are
manufactured by the same process used for the production gers. Also, duplicate masters
are required for second and third source production and additional levels of master gear
contiol. From a metrology point of view, it is most desirable to manufacture the control
master gears to a higher level of accuracy which is currently not possible by the present
method.

State Of The Art Of Spiral Bevel
Gear Manufacture

The elemental inspection of tooth profiles that is commonly performed on spur and
helical gears is not practical for spiral bevel gears because the shape and size of a
bevel gear tooth varies over its face width instead of being constant as in the case of a
spur gear. Spiral bevel gears are currently inspected on a specially-designed Gleason
test machine, shown in Figure 1, which provides a rotating test of the gear with its
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DEVIATIONS CONVERTED INTO CORRECTIVE MACHINE SETTINGS

FIGURE 17 INITIAL GRIND WITH A ECCENTRIC ANGLE CHANGE OF 005'

* / .. . .- . .11 -:

4 . , - ( 9/' MACHINE SETTING

III]Ec ANG

CRADLE AND C

ISDING BASE A
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FIGURE 19 RESRI TS OF 2ND CORRErTIVE GRIND



The machine center to back change of .020 inches withdrawal resulted in a maximum
deviation of +.0053 inches in the bevel pinion profile geometry as shown in Figure 20.
When the pinion was reground to the corrective delta setting calculated by G-Met, the
deviation was reduced to +.0009 inches (Figure 21). A second regrind resulted in a
maximum deviation of +.0004 inches as shown in Figure 22.
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DEVIATIONS CONVERTED INTO CORRECTIVE MACHINE SETTINGS

FIGURE 20 INITIAL GRIND WITH A MACHINE CENTER TO
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DEVIATIONS CONVERTED INTO CORRECTIVE MACHINE SETTINGS

FIGURE 21 RESULTS OF 1ST CORRECTIVE GRIND
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FIGURE 22 RESULTS OF 2ND CORRECTIVE GRIND



A pressure angle change of 0'301 resulted in a maximum deviation -)f -.0009 inches in
the bevel pinion profile geometry as shown in Figure 23. When the pinion was reground to
the corrective delta setting calculated by G-Met, this deviation was reduced to -. 0004
inches (Figure 24). A second regrind resulted in a maximum deviation of - 0002 inches as
shown in Figure 25.

DEVIATIONS CONVERTED INTO CORRECTIVE MACHINE SETTINGS

FIGURE 23 INITIAL GRIND WITH A PRESSURE ANGLE
CHANGE OF 00 30'
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A root angle change of 0-20' resulted in a maximum deviation of -.0041 inches in the
bevel pinion profile geometry as shown in Figure 26. When the pinion was reground to thecorrective delta setting calculated by G-Met, this deviation was reduced to -.0004 inches
(Figure 27). A second regrind resulted in a maximum deviation of -.0002 inches as shown
in Figure 28.
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In all four of the above cases, the bevel pinion tooth profile geometry was restored
to within acceptable limits in two regrinds using only first order changes. This demon-
strates that the G-Met corrective procedure can be effective in correcting an out-of-
tolerance tooth profile during the production process. This technique can eliminate the
need for a final inspection.

Conclusions

Application of the improved inspection method for spiral bevel gears, described
herein, can provide the following benefits:

1. Eliminates subjective tooth pattern interpretations and permits quantitative
evaluation of tooth profiles.

2. A substantial reduction in Manufacturing and inspection manhours and associated
cost.

3. In one set up all blank dimensions and tooth elements, including tooth spacing
and index variation; can be measured.

4. Provides capability of measuring entire tooth surface rather than the localized
contact area measured by the current technique.

5. Eliminates the need for, and costs associated with, metallic master control
gears and working master gears used for production quality control. Also
eliminates the inherent variability of master gears.

6. Produces both digital and graphical records of the tooth geometry.

7. Automatically calculates the most optimum grinding machine settings necessary to
correct profiles with deviations outside the established tolerance range.
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MANUFACTURING CONSIDERATIONS RELATED TO AIRCRAFT GEARBOXES
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SUMMARY

The manufacuture of state of the art aircraft gear-
boxes is at the upper end of the spectrum of mechan-
ical technology. The considerations discussed here,
primarily relate to the high costs involved in the
application of this technology. The technology used
in aircraft gearbox manufacturing, covers a whole
gamut of methods, types of machining and chemical
processing. While an aircraft gearbox manufacturer
must aggressively ensure efficient productivity, his
efforts are frequently negated by the requirements
of the designer. As aircraft gear systems are re-
quired to transmit more power at greater speeds, the
trend is to provide this performance with a minimum
of increase in size and weight. This necessitates
better dynamic capability, resulting from improve-
ments in metallurgy, manufacturing equipment, techni-
ques, and metrology. These improvements can be costly,
it is thereforeencumbent on the designer to carefully
consider his designs, in terms of producibility. This
can best be done in close liaison with the manufactur-
ing engineer.

An aircraft gearbox Sanufacturer's view point:

The business of manufacturing aircraft gearboxes and transmissions is very
competitive, risky and costly. It is said that an aircraft hangs by its wings, but it
is also true that the m,,dern flying machine stays up, due to the reliability of its
gearing. A gear failure, particularly in a helicopter power train, can be almost
instantly catastrophic. The risk is obviated largely by the production of highly re-
liable components. This reliability is the prime reason for the high cost of power
train transmissions. Of necessity, aircraft transmissions are designed to be as light
and compact as possible, within the constraints of the applied loads. This design of
minimum sized parts leads into minimal dimensional tolerances in all critical areas.
The scope of aircraft gear manufacturing and related design ii so large that it is
possible only to touch on a few of the aspects here. ihis discussion is centered,
primarily, around some of the considerations related to cost and reliability.

st Combined configuration and tolerance criteria are the cause of costs being

relatively high. Occasionally a designer delves into the unknown and develops a gearbox
utilizing gears of either a non involute tooth form or unusual material. Our experience
appears to tell us that deviations of this nature can be troublesome and expensive. The
complete modern aircraft gearbox manufacturer must, in order to have good control of the
manufacture and scheduling of his product, have a facility which incorporates all the
expertise and controls needed for a cost effective, on time operation. The areas of
expertise involved are in: Marketing - Proposals - Program Management - Manufac-
turing Engineering - Manufacturing and Quality.

In one sense, an independent gear house, such as our own, is at a disadvantage,
due to the necessity of having systems which cater for the large variety of customer's
requirements. In another sense, the independent gear house has advantages, resulting from
the necessity of being more competitive, and also from contact with a variety of aircraft
primes, their designers and manufacturing teams. We deal with many customers, from a
number of different countries. Some customers use the various European specifications,
some use American specifications and in addition, each customer has his own. Every
customer also has different requirements related to program scheduling, monitoring engin-
eering drawings and specifications. The cost of maintaining up-to-date specification
libraries, along with the physical application of changes, is costly. technical skills
need to be high, and In some areas, very specialized. Th-se skills, as applied to iLC-
craft gearing are relatively rare, this creates a situation where, regardless of the
availability of work, we must maintain a core of these specialized people, in order that
continuity be maintained from project to project. This again, is an area of additional

requirements and the necessity of maintaining reliability, a high quality gear manufac-
turer, has high yearly mainteuance and capital budgets. A complete gearbox manufacturer
must, due to the variable nature of the aircraft industry, be flexible in his ability to
produce a wide variety of units differing considerably in size, complexity and precision.
Gearboxes range in size and type, from small high speed engine accessory and power take-
off units, up to the large low speed helicopter rotor drive transmissions. This again,
is a cost factor related to the variety of equipment needed and to the amount of machine
down-t i me.



As an interesting aside, our experience and expertise in the business led us,in
the last few years, to the design and manufacture of the remote manipulator system, or
mechanical orm , used in the American Space Shuttle Program, which is primarily for the
retrieval and release of Satellites in earth orbit. Each joint, in the arm, comprises
one or more very precise planetary type gearboxes. The arm has functioned very well,
since its first flight in the Columbia.

Reverting to the subject discussion, it can be seen from the foregoing that our
business is a very costly one, this along with the 'state-of-the-art' readiness, means
that a continuing effort must be put into both minimizing cost and improving quality.
This effort can be performed on both an informal and formal basis. Informal activity is
normally going on continuously within a company and is such, that there is no formal
record of either the cost of the change or the value of the improvement created. We
prefer the more formal improvement programs, which include those used by some of our
customers, examples of which are: Should Cost, Cost Superiority, and Target Zero.
These programs are usually joint activities between the customer and the manufacturer,
and generally involve design and quality improvements. Our own in-house program, which
we call Q.C.R. - 'Quality Cost Reliability' - is of necessity, oriented more in the direc-
tion of improvements in methods and equipment, which includes a requirement of monitoring
cost vs gain. The end result is the same ie: lower cost and better quality. Any program
of this nature is beneficial to all parties. However, the best way to design a cost
effective gearbox is for the designer to work hand-in-hand, with the manufacturer. We
have been involved in a number of programs from the initial phase, which have resulted in
simpler, more producible gearboxes. On the other hand, we have built expensive and
troublesome gearboxes, where it was obvious that the potential manufacturer was not in-
volved.

The constant quest for better productivity and quality, continually leads into
acquisition of more sophisticated machinery. While in some areas machine builders ha,'e
made great strides in the manufacture of equipment with flexibility, precision and speed
of production, the makers of gear grinding machinery seem to have made few inovations in
this area of considerable importance to our industry. This is probably due to the com-
paratively small market for machines, of this type. Methods of producing gear teeth are
many and various FIG. I. Of these, the most commonly used for aircraft spur, helical and
spiral bevel gears are: bobbing, shaping, form grinding, worm type generated grinding
and Gleason System generating and grinding.

With possibly two exceptions, the modern gear grinding machines are basically
very little different from the first grinders built. A similar statement may be made
regarding gear metrology. In general, where precision aircraft gears are concerned, the
inspection process is slow, tedious and very costly.

The manufacturing sequence involved can be very complex and at times, require
as many as hundreds of individual machining or process operations in order to complete a
part FIG 1I. The operations, which probably cause most concern, are carburizing and
hardening. Distortions resulting from these operations, often make necessary, a number
of additional machining operations and freqently necessitate extreme care at gear grind-
ing. Carburized areas are usually local, which further increases the distortion, as a
result of uneven stresses. Dealing with the results of this type of heat treatment, con-
stitutes a large portion of the part cost.

A consideration which significantly effects the cost of aircraft gearing is the
requirement to control stock removal, from a carburized surface. The designer should
give very carefull consideration to the potential for heat treat distortion, when arriv-
ing at case depth, and hardness gradient requirements. An allowable stock removal, which
is small, relative to the amount of distortion resulting from carborizing and hardening,
can be very expensive to maintain.

Product reliability requirements force us into a great deal of repetitive and
detailed inspection PIG. III. There are many special inspection methods, processes and
equipment needed. In addition to the large amount of time involved, such items as gear
tooth checking machines, costing in the order of $600,000. each, are used. All in all,
a very costly part of the business and which in reality produces nothing, except the
guarantee of reliability. One of the most important quality requirements, is trace-
ability. This costly necessity involves the generation and retention of a lot of paper-
work, and considerable time spent in the marking of parts and assemblies. An important
design consideration should be the reduction of inspection requirements and most certainly
a reduced amount of part marking FIG. IV.

While most of the previous concerns have been connected with gear teeth, 
component of the gearbox which must not be forgotten, is the housing. Many aircraft
gearbox housings re large and/or very complex. These housings are usually cast from
I IglL Mater i dt, 1,~ ;&UMU -.i i-ii,[F1 ,. ,,f.. ,.
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operations, some of which are of high precision. Special care must be taken to minimize
the effects of temperature and distortion. The manufacturer of the finished housing can,
with his expertise, have a valuable input into the design of tne basic casting.



From the previous discussion, it can be seen that there are many area. i con-
cern, when thinking about cost. From an aircraft gearbox manufacturer's point of view,
further examples of cost, which can be avoided by designers, are as f 1.lows:

a* I he designer should dimension the part functionally, and for mi ximum
tolerance.

b) Standardize internal, corner radii in increments of 1/16" or metric
equivalent. This relates to standard cutting inserts FIG. V.

c) Use practical datums FIG. VI.

di When possible, show allowable salvage or repair schemes on the part
drawing. An example of which is the chrome repair of bearing journals.

e) On rotating parts, avoid bottle bore conditions where a boring bar
length to diameter ratio would exceed 8:1. Preferably a ratio of
not more than 5:1 should be used, for economic boring FIG. VII.

f) If the angular relationship of features is not important, this should
be clearly stated on the drawing.

g) Show alternate designs, sources, material and hardware, were possible.

h) Avoid radial surfaces (or square shoulders', when possible, particularly

on carburized rotating parts FIG. VIII.

i) Avoid corner undercuts, when possible, n carburized parts FIG. V.

j) Avoid blind splines. Through splines can be broached, in a lot of
cases, with less time and generally exhibit less taper distortion
thru heat treatment FIG. V.

ki Avoid hardened splines, if possible.

I) Where possible, match the case depth requirements for different areas
of the part, to allow a single carburizing cycle FIG. IX.

m) Always provide, a separate casting drawing. This avoids confussion.

n) Tapping blind holes - minimum of 4 pitch clearance between maximum
full thread and minimum hole depth, is desirable.

of Do not, for simplicity or as a disciplinary measure, automatically
reject non conforming parts.

The world of the designer sometimes seems to be in the realm of the nebulous,
guess and by god, and toss of the coin, to we, who are the blacksmiths of the industry.
It is hard for us, at times, to see a reason why a designer should turn down a requess
to allow the use of a gearbox component, which is a very small amount outside the draw-
ing requirement. We know from experience that quite often the designer rejects a devia-
tion request, because it is the easy way out and sometimes, because he feels that his
rejection will discipline the manufacturer. A designer should definitely think twice
before doing something like this, as by doing so, he often very significantly raises
the cost of parts to be manufactured, in the future.

A considerable amount of money could be saved if the aircraft industry, as a
whole, got together and produced common metallurgical, quality and process specifications.

It is our experience that friendly man-on-man contact, between the prime and
subcontractor, in conjunction with a free flow of all types of information, can greatly
speed up the resolution of both design and manufacturing problems, along with the conse-
quent reduction in costs. This can produce large benefits to all parties.
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POSSIBLE TECHNOLOGICAL ANSWERS

TO NEW DESIGN REQUIREMENTS FOR

POWER TRANSMISSION SYSTEMS

by

L. Battezzato and S. Turra

Transmission Engineering Dept.

Direzione Progettazione

FIAT AVIAZIONE

Corso Ferrucci, 122 - 10100 Torino

Italy

SLMARY

In the newprojectsof gearboxes for aeronautical application, performed by FIAT AVIAZYNE, the speci-

fied requirements have become more and more severe asking for continuous technology advance.

This paper deals with the most important points put out by these specs, such as fail safety, reliabi-

lity, low vibration and low noise, high working temperature, invulnerability and maintainability, of course

combined with a low weight characteristic.

A detailed analysis is carried out to identify the guidelines for obtaining the best compromise among

the above listed requirements, by applying a proven philosophy. The advantage of a reliable system capable

of detecting failures in progress within the gearbox is also underlined as it can be a key point in defining

the final design resulting from the optimization procedure.

FORE]WORD

FIAT AVIAZIONE participated in the last thirty years with a number of partners to many programs, with

the task of studying, designing, developing and manufacturing transmissions, especially conceived for ae-

ronautical applications or requiring similar technologies.

To be short, among the most important programs we remind

- The main transmissions for SL'FERFRELON, FRIA and DAUPHIN helicopters with AERPATIALE.

- The transmissions for propellers and lift fans applied on French Hovercraft N 500 with SEDAM.

- The transmissions to accessories for the new PRATT & WHITNEY F 2037.

- The transmissions to the main drive and to the accessories for PRATT & WHITNEY OF CANADA PT68-36.

Finally we just started now the work on transmissions for the engine 1AE V 2503, We don't mention here

the programs for which we just produced the transmissions or under licence (as for the Italian Aviation Mi-

nistry), or subcontracted directly by the leader Firms.

The wide experience obtained in such a long period of working in the field of transmissions for aeronau

tical applications gave us the opportunity to live the evolution and the refinement of the specifications

imposed during the years on the transmission designer.

It is interesting to note that the specifications dating back 20 or more years just asked for a tran-

smission capable of running under the imposed loads, while the modern specifications establish a ntmhr of

conditions detailing how the transmission shall run.

We can try to list the most important characteristics that should be offered by the new designs of tran

smissions :

- fail safety
- reliability

- low vibration level

- low noise generation

- high working temperature

- running capability in no oil condition

- invulnerability

- maintainability

together, of course, with an

- extreme lightness

of the assembly, as usual for aeronautical applications.

So the designer of new transmissions becomes more and more constrained within a number of different ties:

he needs a clear understanding and knowledge of the state of the art in order to arhieve the best compromi-

se among the specified characteristics.

FAIL SAFETY

Every time and item i, introduced into the general design of a system the designer must ask himself:

"Which consequence derives for the system from a failure of this item'.

The best answer should be that the failure can be detected and shown to the operator, that the effect on

the performance of the system is minor and that eventually the situation would not deteiorate to secondary
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major failures cjuSir3 the ur',v iceability of the system before the operator can take precautions. This
ideal condition, of course, it very often unpractical for mechanical devices; the designer shall try any-
way to do his best for approaching it as much as possible.

A good xeroisv we did in the past has been to cover the failure of a transmission lube pump and of
relevant external piping and cooler. IF fig. 1 we give a photograph and a schematic diagram of the solu-
tion: the pump n

o 
I sucks oil from the tank, sends it to the cooler and back to the filter and to the lu-

brication circuit.
The pump n

o 
2 sucks oil at a lower level than the previous one and normally sends it back to the tank

through the bypass valve. In tase of failure of the external cooler circuit causing loss of oil, the oil
level in the tank would decrease to the point that no oil will be sucked by the relevant pump; tle reduc-
tion of pressure in the circuit will cause the pressure sensing valve to open and let Oil from pump n

o 
2

be sent to filter and main lubrication circuit that will thus be fed at a pressure lower than normal. The
fact that the transmission runs in emergency condition can easily by shown to the operator by pressure de-
tectorslocated on the lubrication circuit.

Not always, of course, the fail safety requirements are answered in such an ideal way. The transmission
has a lot of parts that cannot be doubled without an unacceptable impact on weight; their failure will cer-
tainly cause a reduction in the capabilities specified for the system. To be more clear on how to proceed,
we can say that practically ail the elements in the transmission shall be catalogued under two headings

- vital elements, whose rupture doesn't allow the continuation of the mission or its interruption in safe
condition for the crew and/or for the aircraft.

- secondary elements, that are not included within vital ones.
For the vital elements, the designer will put his best skill for covering the first failure by a doublirg

element or, if this procedure is unpractical, by assuring that the element will not fail during its service
life.

Calculation or rig test and accurate manufacturing procedure will assure this capability (safe life ca-
pability.

In any case, each element (vital or secondary) must be carefully studied in its service ambient, and the
best devices must be adopted in order to restrict possible immediate generation of secondary failures on
other surrounding vital elements. The operator shall be left the time to be warned about what is going or and
t cornclude the mission in the least risky way.

As ar example, we show the result of a study carried out on epicyclic stages applied on helicopter gear
lxs, fo, increasing the fail safety of their design. Of course, in this case, there is no practical way of
trarsferring the function of the system to other parallel elements.

TIe d-eigrer must then conceive the parts for a safe life capability and possibly introduce those featu
ret thri increase the fail safety of the group by stopping or slowing the progress to secondary failures and
that warn the operator abaut any inconvenient being generated, giving him the time for taking precautionsbefo

the failure can proceed to a catastrophic event.
e summarize in the following table the characteristics or the features we suggest to introduce in the

design : the reader can see from fig. 2 how the newly conceived design is better than a 15 year old design,
perfermed when the fail safety requirements were not given the right priority by the designer.

Features suqeted for improving the fail safety characteristics

of an ,picyrlic stage applicable on an helicopter main transmission

Remarks

1. The planets shall be fitted or trunnioins protru- Any particle detached from gears or hearings car be
ding from upper plate of planet carrier, easily evacuated, thus reducing the risk of bigger
the lower side of planet row shall be complete- damages for the other parts i

r 
they were captured

ly open. within rotating gears.

2. A large volume shall be left under the stage, li Any detached particle can't conteninate the other
mired in its lower side by a flat separator, stages underneath.

Separation of big chips will not cause anchor on

any obstacle with risk of higher damages.
This feature is estimated as being a big improvement.
In the old design the planets are jammed in a tight
volume, thus rendering the evacuation of chips quite
difficult and secondary effects highly probable.

3. [he -ing gear shall be (entered in the lower and A crack in the structure of the ring causing its one
inper rasings. ring can be contained by casings.

4. The planet trunni o will have an internal ha4k
up y',tem apable of supporting the planet in
case of trunnin failure.
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Remarks

5. All lubrication oil failing from epicyclic stage Any failure causing detachment of particles can be
shall collect and pass by a chip detector equip- detected in its early stages and the consequent
ped with remote indication to cockpit, precautions taken by the operator.

6. One or more vibration pick-up shall be placed in It will be possible to detect any failure causing
proximity of ring gear attachment. Their signals anomalies in the meshing regularity (failure of any

shall be analized and the amplitudes found for severity going from contact surface damage to total
given meshing frequencies supplied to the opera- detachment of some teeth).
tor.

7. A shear section shall be located on main rotor In the case of a sudden blockage in any part of the
drive shaft and on drive/s from engine/s. main transmission, the failure of shear sections al

lows the main rotor and some vital accessories to be
kept running for a safe landing of the a/c in auto-
rotation.

RELIABILITY

veiabiity can be defined as the capability of the transmission to perform according to the specifica-
tion for the given TBO 'Time Between Overhauls); the more the MTBR (Mean lime Between Removals) approaches
the TBO, the more the transmission is realiable.

A definition like this is very simple; the actions to be taken and the rules to be followed for obtain
ing the aim are numerous and much less simple to be written.

the way to proceed is dictated to the designer by his past successes or unsuccesses, and as such will
reflect hie experience, knowledge and personality; as such, the answer that can be given to a problem will

change with the time to reflect the sum of experiences the designer accumulated.
It is out of any doubt, then,that the more experienced is the designer, the more proven and sound and

successful his answer will be.
According to our past experience, certain areas must be accurately checked when designing and when ma-

nufacturing a transmission, because anything forgotten in that field can cause dramatic reductions of MT3R
in service or tedious debugging procedures in devulctxnt.

Just for example, and not with the hope of being exhaustive, we list here few areas that require accu-
rate thinking

a) gear teeth
- possible stress concentrations on teeth as a c)nsequence of

deformation of gearshaft support, under normal running or test loads
thermal expansion characteristics of gear and of supp(,rt structure
tolerance of features defining the relative position _f mating gears

- lubrication effectiveness at the different load and Speed ratings.

In particular the high s)eed ratings, gi.ing riglh, -idir v1- it i, and t, x ,'d r'T iteg that pos-
sihlv imple a load on the teeth hf, ' c t., i, t i, r , n. .ffr iv, .oI t., -rr, d Is apa-
ble f damaging the to -th crtar t ofa (es.

- quality of lube oil :
Its specification and brand should be considered in order to assure it is idequato, for the application.
Its cleanness, or its freedom from foreign particles (apable of damaging mating tooth surfaces, must
also be regarded as an important factor.

- capability of the manufacturer to take control and corrective actions on the prduCtion, in order not
to allow the introduction of unknown factors leading to premature and random failures.
For this reason, it is ccmxon practice, in manufacturing of parts for aeronautical amp) i(at ion to free
ze the procedures judged capable of affecting their final characteristics (mainly heat treatment and
finish machining operations'.

b0 Bearings

- choice of the most adequate type and geometry;

- correct interference with external and internal seats;
- internal clearance;
- correct position of contact patterns between races and balls or rollers;

ci Splines
- correct tooth geometry and adequate lubrication for splines that are movable under loads;
- adequate male/femal, Interference for avoiding relative movement on splines specifically designed for

being fixed.

di Freewheels

- aligment on outer and inner rings;
- no external load to be applied on freewheel;
- aboundant lubrication to be assured with oil having the adequate viscosity level.
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e) General
- Very strict rules must be applied in the allowance for design evolution. As a principle, no design

or manufacturing procedure change shall be adopted, without first conducting a complete test program

as an assurance that no risk of performance decay will be generated.

- The oil flow sent to the parts to be lubricated shall be adequate; an excess in oilflow will cause

frothing and high power dissipation; an insufficient lubrication will cause an increase of the local

temperature of sliding surfaces to values possibily unacceptable for the material.

- Attention must be paid to oil also for another reason; after doing the functions it must perform lu

bricating and cooling) it has to be ducted as fast as possible out of contact with rotating parts,

otherwise in most cases it will remain trapped within rotational elements that will act as real power

absorbing hydraulic brakes.

- The bearing support elements and the gearshaft structure must be so stiff that their deformation will

not sigr:ficantly change the geometry and the behavior of mating teeth under all the excursion of ap-

plied loads.

- The most risky natural frequencies of the transmission and of relevant supports must be sufficiently

far away from possible excitations.

LOW VIBRATION LEVEL AND LOW NOISE GENERATION

Vibration and noise are generated by the transmission housing structure, mainly excited by load varia-

tions in the gear meshing.
It is certainly important to act on the way these loads are transmitted to the structure in order to

reduce their effect by :

- choosing a convenient shape and dimension of the structure in order to avoid any natural frequency to be

excited by meshing frequency.

A very effective method we use in FIAT for detecting the natural frequencies of a given structure, other

than the calculation when the structure is sufficiently simple, isthe holography method using laser light.

In fig. 3 we give an exaiple of the procedure : first a scan of the vibration amplitudes for a constant

exciting power gives the natural frequencies; then the hologram taken for each of those frequencies offers

the shape of the relevant modes. The actions for displacing the value of natural frequencies, if required,

can then be taken with a better knowledge of the real situation.

- introducing dampers that would absorb part of the total energy introduced by the vibration source.

- applying extra-masses in convenient points as a last chance possibility for droppino the natural fr-loen-

cy of the structure out of the exciting load frequency.

Clearly the first action, although difficult to be performed, gives the best results becuose it aSlown

at least a partial solution of the problem with a minor impact on weight.

We must recognize anyway the most logical way to proceed is to face the problem directly in its origin,

the gear meshing. Here a lot of work can be done, that can save more costly interventions or external

strictures. The action to be taken shall be in the sense of reducing possible changes in the actual tran-

smission ratio of meshing gears or along the contact on the same tooth pair or in the passage to subsequent

pairs.
Many authors have identified which actions must be undertaken

- to increase the total contact ratio by

ircreasing the addenda of spur gears HiCR or high contact ratio gears, having the profile contact ratio

higher than 2, are defined with this aim-.
increasing the helix or spiral angle and,part iuiar I, for bevel gears, assuring the largest possible

dynamic contact pattern between meshing teeth.
reducing the pressure angle.
increasing the number of teeth (by using a finer pitch)

- to improve the accuracy by reducing

relative Position of tooth profiles,

- position of teeth relative to gearshaft supports

- to modify the involute profile for avoiding that position errors and deformations of teeth under load (at,
se sodden engagement of teeth, thus generating heavy shocks on the gee'shaft supports.

- to reduce the pitch line velocity by reducing the diameter of gears.
Attention must be paid to the fact that any decrease in diameter will ask for an increase of gear face

width : this will require closer tolerances on alignent of the pair for avoiding unequal load distribu-
tion along teeth.

very giod results in this field were obtained by FIAT with the optimization of bevel gears contact patterns

and by adoption of HCR spur gears. In bevel gears, for example, the increase of the contact pattern area de

monstrated to be a powerful way to redute noise and vibration on transmissions. Of course the manufacturing

of a bevel pair becrines more diffi(ult thar traditionally because

- the settinq of the grinding ma, hine must be mieh more accurate
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- the control of the active surface shall be based on sophisticated procedures.
we remind here some possibility offered by numerical control machines capable of supplying a grid of
profile positions relative to a given correct master gear or by newly developped m":hines that visual1

ze transmission ratio irregularities of a given pair or train of gears.
The use of traditional contact pattern check wIth Tester Machines can only be a side control mainly

adopted for checking the manufacturing constancy. Modern computer programs help the Manufacturer by su

plying him the information on how to modify the machine setting in order to obtain the wanted modifica-
tion on the grid of profile positions.
Just as an example of application of this technique, in fig. 4 we give the results obtained in one appli

cation.

- when lengthening and widening the contact pattern, it is necessary to take care of the effect this modi-

fication can induce, consisting mainly in the frequent displacement of the contact pattern over the bor-

ders of the tooth flank as this effect can cause load concentrations with scoring leading rapidly to the

deterioration of the surface.
For this reason, manufacturing tolerances and mounting procedures must be kept under rigid control.

In fig. 5 we give , example of the contact pattern shapes adopted in a helicopter gearbox produced in
FIAT AVIAZIONE, before and after a noise reduction campaign. The obtained noise reduction of the stage is
of the order of 10 dB over 100 dB.

Fig. 6, instead, gives an idea of the modification introduced in the epicyclic stage of the same gear-
box by adopting HCR gears.

The contact ratio went up from 1,47 to 2,04 with a noise abatement in the stage of 8 dB over the origi
nal 98 dB.

We underline the care to be taken in manufacturing these gears. The position error of teeth must be
reduced to the minimum obtainable with existing machine tools and the profile must have a correction capa-

ble of assuring an adequate load distrihot ion on teeth along the contact line.
The literature gives some other feauttres that, we recognize, can be useful in reducing the transmission

of vibration such as, for example :

- damping materials bonded to vibrating surfaces or filling hollow shafts

- vibration absorber masses that can counteract the vibration of the main structure, thus attenuating the
effects on the aircraft body

- enclosures containing the noisy structure that avoid most of the noise to reach the surrounding ambient.

As a principle these features have never been applied by us, mainly because they heavily impact on

weight. Our suggestion is to utilize them possibly for small corrections to be obtained lastly on a fully
defined design, when all the previous possibilities have beeri evaluated and adopted whenever convenient.

HIGH WORKING TEMPERATLRE

In recent years, the working temperature in transmission gearboxes showed a continuous trend to increw
se for many different reasons that we can refer, mainly, to the need of weight minimization. In fact, with

this aim :

- gears are operated at the highest possible stresses, thus increasing the heat to be dissipated;

- the temperature of oil is increased to the highest possible level with the consequent possibility of re-

ducing the dimensions of the heat exchangers and the quantity of oil to be kept in oil tanks.

Theeffectsof both actions, of course, are beneficial on the weight of the system. Furthermore, in
aeronautical applications the transmission is required to show its capability to rut, for periods going up

to 30 or 60 minutes, after leaking out the lube oil.
The high working temperature affects characteristics of metal structure, thus weakening the transmis-

sion elements, and reduces the effectiveness of lubricating oil, thus increasing the probability of serious
damages of the parts : with gears for example quite often, as a consequence of the above conditions, pro-

blems of scuffing, spalling and scoring will arise.
The designer mst therefore seek those design choices that allow for a reduction of the risks due to

high running temperature :

- to use wnall gear modules for reducing the sliding velocity and to study suitable profile modifications,
in order to reduce the combined effect of sliding velocity and high contact stresses.

- to adopt the most convenient type And geometry of bearings, considering the possible sliding effects of
rolling elements on races and internal preloads, as these are major effects of power loss.

The dimensions and shape of cage pockets are also important for minimizing the loads transmitted between
rolling elements and cage. The lube oil must be fed in a convenient way for assuring that the critical

points are reached.

- to define a suitable lubricating system, capable of keeping the temperature of sliding surfaces in gears
and bearings within acceptable limits and of generating an adequate oil film thickness between the mating

surfaces with the aim of preventing metal to metal contact.

- to adopt the adequate oil seals and possibly to assure their lubrication and cooling for avoiding the ra

. .... - - -~ = d m m Immm -
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pid deterioration of the sliding surfaces.

All the above points fix some rules to be followed for obtaining a sound design, but don't give any
possibility to go to a temperature level much higher than traditionally experienced. The materials normal
ly used for gears, the well known AISI 9310 or similar case hardening steels, don't allow to run the tran
smission at temperatures higher than 100C for long time without causing an unacceptable reduction in the
surface hardness.

This phenormenon becomes even more important in the case of running in no oil condition, when the hardy
ned surface can soften and get destroyed in few minutes.

We have two answers for these problems :

- to use a nitriding steel, that can run at a temperature of 4500C (against 180 C max acceptable for case
hardened steels).
The no oil condition can then be suffered much better.
This solution has anyway some disadvantages caused by the thinner hardened skin that, especially for lar-
ge and thin web gears, possibily doesn't give allowance for grinding after heat treatment, if a final grin
ding operation is required by the needed tooth precision.

- to use newly developped carburizing steels capable of displacing the critical temperature from 18O"C up

to 300xC.
Among these steels, proposed by different Vendors, we have examined and tested the following types

VASCO X 2M CM

Carpenter EX 00053
CBS 600.

All of them offer a big advantage, even if lesser than nitriding steels, over the AIsI 9310 when running
without oil; for example the surface hardness remains higher than 60 HRC after long soaking at temperata
res of 300-C.
The manufacture can take advantage of the higher grinding allowance offered by their thicker hardened skin.
Some relative data sufficient for putting the three steels in a value scale have been worked out; we just
prefer not to give them here officially because this can be a delicate matter, influenced by the heat

treatments carried out by us.

At this point of the evaluation of material for gears, the next necessary step to be made is evidently
on lubricants. In fact, present lube oils cannot be effective at temperatures higher than the not i, ,d
I)OC. Now, as the new gear materials give the possibility to increase consistently the normal runninn -ni
perature, a new lubricant capable of the required characteristics of stability, cooling and lubricating ef

fet iveness at higher temperatures, wuld represent a great progress.

IrMJLNERABILITY

Military requirements ask for trarnsmissi nscapanle of surviving and working satisfactorily for a cer-
tain period of time in the case some vital parts are damaged by impact of bullets or foreign objects.

Possible ways that can be followed in order to assure an, acceptable level of invulnerabilitv are :

- to put external protections on the most delicate areas, using shock absorbing walls capable of deviatinq
the bullets or absorbing their energy. This solution causes a aeight growth, generally not acceptable. 'N

- to locate the transmission in the safest position, by sorrounding it with a number of accessories, fire
walls and similar devices whose damage will not interrupt the vital functions of transmission.

- to properly shape the casings, in order to avoid frontal impact of bullets.

- to use special materials for the casings (for example composite materials' that can suffer, without ma-
jor side effects, damages and ovrforation due to bullets.

- to oversize some parts, _ike shafts, bearings and flexible couplings or to shield them with steel liners
if they cannot be protected in other way.

- to double some functions, with parallel elements in order that the loss of one device doesn't affect the
capability of the other to satisfy the needs of the mission.
This philosophy has been largely used by us in the definition of the lube aid heat exchange systems. In
multiple engine helir(,pters, the solution of colle(ting the power at the last reduction stage is the less
vulnerable solution because larages caused or one transmission chain are less likely to affect the ether
parallel ry aer paths.
The suggested precautin in this case is to accurately study some shields and baffles rapahle to stop
the detached particles from roving free inside the gearbox and damage the surrounding unaffected Parts.
the same ohilosophy has bees .ft,,r end in, defirned the suspension system nf the how'plart enqoie ins
rriseion yr tce v'C.

MAluTAluA[li It I'

it a he define as te m1nimi-a i-r .f 'he "task of maintenance in ;ervice". A such two possible
ways are offered fr achievinq trie goa:

r nrrnvasv th T.B.. or, frI l wing the mcdern tendency of adopting the procedure of "maintenance , r
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condition", the MTBR.

With such a procedure the transmission is allowed tv run as long as the rising of a trouble is detected.
Of course this procedure will be fully and satisfactorily adopted only if a monitoring system is defined,
capable of detecting the rising of any inconvenience and of warning the operator about it.
At the rnoment, unfortunately, this technology is not completely developed.

to reduce the task necessary to perform inspections and revisions such as for example

a to put the monitoring instruments in accessible and visible location for easy reading and monitoring;

b to design the whole assembly so that it car be split in detachable subassemblies or modules separately
maintainable.
The designer shall care for making easily removable from on board of the vehicle those elements or
groups, which are more likely to be damaged or deteriorated, such as, for example, high speed stages,
free-wheels, oil pumps, filters, lube nozzles, heat exchangers, etc. Ideally the intervention for main
tenance of these elements should be carried out in the simplest manner, i.e. without requ4ring the re
moval of adjacent harts, without leaving detached loose parts, without asking for the use of special

tooling.
Of course the maximum advantage of modular maintenance will be obtained when the monitoring devices
said in a) above will allow the identification of the trouble point, so that the intervention will be
local; our feeling anyway is that a lot of development is still to be done in this field.
we note here finally, while speaking about ,udularity, that this characteristic is highly advantageous
also for an easier overhaul on ground on the whole transmission, because it renders the strip and re-
build activity much shorter.
As an example of application of these concepts, we show an exploded view of a gearbox designed by

FIAT AVIAZIONE, where the extreme modularity of the whole design (see fig. 7) can be easily noted.

CONCLUSIC"!

The analysis of the requirements to be satisfied in the design of a modern transmission shows that the
choice of the best compromise is really a difficult task to be performed. Luckily, new technologies sup-
ply us the possibility to improve the speed and the reliability of analysis and to reduce the drafting time.

For a giver problem, thee, more resources can be used for increasing the number of studied solutions,
for deepening the relevant analysis and for comparing the results in view of a more conscious and dependa-
ble final choice.

Let's not forget anyway that the improvement of technology will never eliminate the need of the expe-
rienced Designer; only he,using Technology as a tool, will eventually be able to impress the personality of
his experience on the design.

N
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Narrely : 1. On the flanks a minimmn effective case depth larger than the "depth of
maximum shear stress is asked but no maximn because this mximun does not decrease
the strength against ertzian pressure.
As you can see in figure 4.1. 1. we reach an optizsun at 0.3 mdul.

2. On the 30 tangent in the root-radius - a mininn effective case depth of
0. 1 ndul and a msxin n of 0.3 modul is asked because both a bigger and a smaller
layer decrease the strength against bending stress (figure 4.1.2.).

So, for exanple - taken in 1.1. - we can recand the following specification.

INSPECTION METHOD CONTROL

HARDNESS DETERMINATION

Section A-A

I EFFECTIVE CASE DEPTH X-X MIN.0,55 mm MAX -

2 EFFECTIVE CASE DEPTH Y-Y MIN. 0,27 mm MAX. 0,45mm

3 TOOTH CORE HARDNESS MIN. 420HV MAX. 480 HV
4 SURFACE HARDNESS MIN 670 HV MAX. 775HV

5 SURFACE HARDNESS MIN 670 HV MAX 775HV

NOTES.

1 EFFECTIVE CASE DEPTH IS THE LENGHT OF LINE X- X OR LINE Y-Y

MEASURED FROM THE SURFACE TO THE LAST POINT TOWARD THE CORE
HAVING THE REQUIRED MINIMUM HARDNESS VICKERS 520 HV

2 LINE X-X IS LOCATED ON THE WORKING PITCH CIRCLE. SQUARETO jHE
TOOTH FLANK

3 LINE Y-Y IS LOCATED AT SQUARE ON THE 30* TANGENT TO TOOTH
ROOT RADIUS

4 THE TOOTH CORE HARDNESS IS TO MAKE IN THE CENTER OF THE TOOTH
TO THE ROOT CIRCLE. (ilmm)

:______ 1. Beanspruchungsgerechte 6A&rmebehandlung von einsatzgeh&rteten IylIderrddern

K. BSrnicke 1976

2. Carburizing and carborntriding.
A.S.M. 1977

3. Maschinen-elerente band 11
G. Nienn H. Winter 2e Edition

4. Tandwielen
Prof. R. Snoeys Ir. R. Gobin 1979

5. Trait theorique et pratique des enqremages 1
G. Henriot 6e edition

6. I.S.O. DP 6336
The calculation of load capacity of spur and helical gears.

PCxIN0WLEf WTS : The author is gratefully indebted to the following people for valuable suggestions
and help during the project 1. Dr. J. Van Eeghen

CRIF/WM4 Gent - Fomdry research centre

2. Mr. Philippe Queille
L'Air Liquide France - Claude Delorme research centre

3. Mrs. Hilde Watteeuw
M.C. Watteeuw - N.V. - Briqge - Quality Control Laboratory



I.S.O. only mentions that the endurance limit for case hardened alloy steel is ap-
plicable to an effective case depth of at least 0,15 module on a finished part. This
means, for aircraft quality, after grinding the flanks and the root-radius.
According to K. Bornicke - the resistance against breakage in the tooth-root with
case hardened steel depends on the effective case depth in the root-radiua - at 30'
tangent (figure 3.1.2.).

3.4. ADEQUATE CASE DEPTH FOR 09H BFi:ACE.

The figure below 3.3.1. shows very clearly the endurance limit value in function to
the case depth. The optin limit for bending endurance occurs when we have a case
hardened layer 0,1 modul. A smaller layer decreases the limit quickly. A bigger
layer decreases the limit slowly till 0,3 rodul and fram then on, the limit decrea-
ses more quickly. The core hardness at the rooth-cylinder, measured at the tooth-
center, is also very important for the bending stress limit value.
Bornicke and also G. Niemann-H. Winter both agree on the case depth and the core
hardness to obtain a maxinu resistance. Values of these are printed in figure 3.3.2.

too%-, 00%_

90% 90%

80%_- 80%/ j

0%! 60U 70%'! 4
t 60% D b'0% --

50%, so'

40% 01M 0.2. 0.3m 0. 4m '0 380 420 460 520

Effective case depth Core hardness HV
Fig 3.31 Fig 3 3.2

Again, three irportant conclusions are to be made :

1. A surface hardness of 670-755HVi guarantees a send resistance against tooth
breakage.

2. The core hardness is an inprtant parameter for the strength resistance of
gear-teeth. For high quality alloy steel a core hardness of 400-460 HV10 must be
obtained.

3. The effective case depth - measured in the root radius at 30' tangent - is .
optimum 0,1 rodul - but Roy not exceed 0,3 m. A tolerance of 0,15 - 0,25
modul is usually applicable.

4. PROPF)SAL fur SPEICFICATION of CASE DEPTH - SURFACE and CORE HARDNESS on CASE HARDUl0ED STEML
CE.ARS.

When we put the conlclusions about the endurance limit for Hertzian stress and tcoth-rot-
stress together - we see that a different adequate case lepth is asked.

Flonk Root rOduOs
Jmhm Enfdurance lmit for contact stress OFIm Endurance imiot for ben dig stress

90% ..... 80%

80% ---- 80%

70% 70 1/

60O/% .. 60%1 .. .,

50'-

- 04M ; 0.f 0.2m 03m 0.om
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3.3. ENXIRNCE t.IITS FOR B~D1N S'rRESS.

The nominal bending endurance limit takes into account the influence of the ma-
terial on the booth root stress witch can be permanently endured. A running time
of 3.1 06 cycles is regarded as the beginring of endurance limits.
The limit can be found by pulsating tests or gear running tests for any material
and any state of that material. Limiting values, obtained by field of experience,
can also be used.
If such data are not available, guide values can be determined with the help of
the fields in figure 3.2.. The here indicated values for nominal bending endur-
ranoe limits apply to the following gear dimensions at service conditions :

- Module m = 3 up to 5 rim Helix angle = 0* - Stress correction factor YST= 2.1

- cughness in the tooth root R tm lon - Linear speed v = 10 m/s
- Basic rack according to I.S.O. 53-1974 - Faoewidth b = 10 up to 50 ri.

The values included in the diagraems correspond to a failure probability of 1.

N/mm 2  N/mm 2

I ....
YFIim YST UFlim

1050- 500 Allayed case hardened steel . ./

840 400 -

630 300 .

420 200 . . Annealed steels flame-or induchonhardened

2 1 0 1 0 0 1 54 1 5 1 , . 5 5 6 , J 0

050 500 700 800
Surface hardness HV1

Fig 3.2

The bending endurance limit for case hardened alloy steel, shown in figure 3.2. has a
very wide range. Values for F li. . YSr go from 650 N/rnl

2 
to 1.300 N/am

2
. You

can find more specific values in some gear literature, such as in the German book
"M1acinen-eimente G. Niemann H. Winter", from which we take the following values
for "bending endurance for case hardened steel (according to D.I.N. 1 7210).

DIN 1 7210 Core hardness Surface hardness Bending endurance limit
Qiy EO -_- n. .- 6 static

16 Cr5 270 720 860 NA.
2  

2150 N/.
2

15 CrN16 310 730 920 2300

17 CrN Ji6 400 740 1000 2800

rears as used for aircraft are of high quality steel, for example 17CrNiMO6 and
even the higher classed 14CrNi18.
For th bending stress limit W,. have the save main influencing 'actors to aim at
the ,ptLmum as for the contact stress limit (see text 2.3.).
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3.2. METHOD-B of the I.S.O. APPROACH of TOOTH BREAKAGE.

Hereby it is assumed that the highest tooth root stress arises by
applying a force at the outer point of single tooth pair contact.

3.2.1. Tooth root stress.

'FO .K K K K = Wherein : (11)

FA ' V * FS Fa FP

FO the local tooth root stress defined as the
maximum stress at the tooth-root when loading
a flawless gear by the static nominal moment.

KA application factor

KV  dynamic factor

K longitudinal load distribution factor for
tooth-root-stress

KFa : transverse load distribution factor for
tooth-root-stress.

- B 
= 

F t YF " 'S " YP Wherein: (12)
b. mn

F t Nominal tangential load.

b : Facewidth.

mn  :Module, normal section

YF Tooth form. factor.

YS Stress correction factor.

Y :Hellx angle factor.

3.2.2. Pernissible tooth ront stress.

FP= F lis.. "ST . YNT . Yrl, "YR yel YX Wherein (13)
SFmn.

"F lim. :lakwnal bending endurance limit.

Y ST :Stress correction factor, for testgear dimensions.

YNT :Life factor for tooth-root-stress related to test
gear dimension.

SF li. : Mini.u. safety factor.

Y'rel T : Relative sentitivity factor, related to the test
gear dimension (takes into account the notch sen-
sitivity).

YR rel T : Relative surface condition factor.

Y X :Size factor for tooth root strength.

3.2.3. Aritkmetic safety factor for tooth root stress.

On the basis of the strength determined at a test gear. The factors were
namd above.

- i. "ST - Y . Yrel T YR rel T X (14)

PO lB K A KV Ky F KF
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So, the hardness gradient can be seen as the limit of allowable shear
stress. When we study this line, we see that "b" is the zone where
pitting appears for case hardened alloy steel. (see figure 2.5.b.).
There are three conclusions to be made when we study figure 2.5.2.

le The surface hardness is less important with respect to pitting.
This is the reason why we can take a bigger tolerance, namely
(zone "c") 670-775 HVI.

2e The effective case depth must be larger than the "depth of
maximum shear stress". A bigger hardened layer on the flanks
can never be harmful or decrease the strength against Hertzian
pressure.

3e A higher core-hardness can also improve the strength against
Hertzian pressure. This because the hardness gradient becomes
flatter. As you can see in figure 2.5.b., the curve "2" is
flatter than curve "I" and has a higher limitvalue against shear
stress.

f =Modulus of elasticity b

fiz Sample heght I

b- Sample wdth

(10,2

Bending f

C f. 6.0. 02

Fig 2.7

3. CALCULATION OF TOOTH STREGTH

3.1. TOOTH BREAKAGE and TENSILE STRESS at the TOOTH ROOT.

In the first place, gear-teeth must be resistant against tooth
breakage. This means that there must be enough resistance, in
the root radius against the occurring tensile stress.
The calculation of this resistance is based on those used for a
steel beam, loaded on its free end with a force F.
In the clamped area, a tensile stress aF arises (figure 3.1.1.).
A gear tooth is different from a square beam in form and function.
The tooth load in case of single engagement, this means that only
one flank pair is in contact, is shown in figure 3.1.2.
The tooth form factor yF is the most important parameter in the
calculation of tooth strength. This factor depends on the
involute form, the value of the root radius, the pressure angle
and the pressure angle of the highest point for single contact.
As for Hertzian pressure - the tooth breakage has been studied
by I.S.O. (*) We have accepted method-B and a copy of the formula
is given as information. Further, we will concentrate Osthe case
depth in the tooth root radius and its relation to the bending-
endurance limit OFlim.

(I.S.O. / DP 6336)

S
YF. 6(hF/mC0 oSn F F

F (SFn/mn) 2 COS 0(n
(en

h h0

S -b Bre age

3 .1 Fig 3.1.2

Fig
'

3.1.1 . ,II =
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300 s-~ ~'.z oo 100. - o

200 [100 ( Hardness gradient after roltes
t

100 5 O (Harteverlauf nach Pelastljnq)

(®Main shear stress hypothesis

0 0 -~ V (HauptschupspOfnnungshypo these)

0.1 0,2 0,3 0,4 0.5 0,6 0,7 0.8 (2)Theorem of the minimum elastic energy

(Des taifl nderungsenergiehypothese )

Fig 2.4 (Q)Resersed shear stress hypothese
(Wechselschubspannunqshypothese)

Further experiments have shown that theorem of the minimum elastic

energy avg is the most real approach for the shear stress.

As already said before, the yield point defines the limit stress of

alloy steel gear. The figure 2.5.1., illustrates the evolution of

shear stress and the depth of maximum shear stress when the Hertzian

pressure increases. As you can see, they both enlarge respectively

from ovgl to cvg
2 

and from Ti to T2. This means that the depth of

maximum shear stress lies deeper under the surface. Flank damage

or pitting occurs in the lined part "a" of the curve.

Trough hardened steel Case hardened alloy steelOH O'H H
1'VG O'VG c h

Eht2

Fig 2 5.1 1 2 Dp2 Depth Fig 2.5.2
r? --- 1 2 Depth Tt T e t l

When we make the same exercise for case hardened alloy steel, we

have to take the g0,2 limit as equal parameter. This because, as

said before, the determination of the yield point in a hardened

layer of case hardened alloy steel is practically impossible. ao0,2

is the limit where an irreversible deformation of 0,2 % appears in
the bending test. (see figure 2.7.)
It has already been proved that the curve of uO,2 limit and the
hardness gradient have a paralle' trend. For each quality of case
hardened alloy steel, there is a correlation between the uO,2 limit
and the hardness gradient. (see figure 2.6.1. and 2.6.2. an example
for 16 MnCr5 - K. Borni-"'e).

Bending 0,2 curve HV Hardness gradient

-- V 700,

800 -600

600 -500 Mat l le 16MnCr5-j o, __

400 .
. .Drect hardenng

Sample dmensons 0Carbur,z,ng tme 1200 m'n ]

2= 8 mm 300 Tempering 240 n

~m0 1 I1z 120,m0. 0.8 t2 0 a m j.8 0 I 1 12 n

2 6 2,0 mi 2.8 04 08 72 16 2.0 mm 2.8
Depth Depth

Fig 261 Fig 26.2
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Two cylinders represent two meshing gear teeth with respective curvilined
radius of P and P .when they are pressed together with a load Fn , then
Hertzian prAssure 2nd a flat surfane occurs in the contact area.
This surface has a value of "2a" (see fig. 2.1.

Furter, we refer to G. Henriot *1 and the most
current theory about the origin of pitting.
The total flattening, the amount
of the flattenings of both gear teeth, on
the radius is : u = 0,0005 Fnu with : (5)
Fnu = Nominal tangential force (in Newton)
on the reference cylinder, in a trans-
versed section on the facewidth of

The length of the flat surface
2a is :

2a = 0,063Fnu . Pr wherein: (6)

Pr = relative profile radius and

I = I . (7)
P P1 02 , aH a O

1e figure alongside illustrates the * d
different pressures in the subsurface,
down to the core for cylinder P2,
following stresses can be dis- 2a
tlnguished C

* = with a direction axis 0-Z 
Ox 9a

y = with a direction axis O-Y (SZ
* = with a direction axis O-X Pi Z
Oy

* an z = aHo the surfacex

oc, the shear stress, is the result of y -
two squared stresses. This shear stress
is at its maxiaum under an angle of 45-,
with value which is half the difference
from the nornal stresses. 2
The shear stress is zero at the surface
and cams to its maximus on the "depth
of maximum shear stress" - 0,8 a (8) Z Fig 2.3

cc - 0,3 aH  (9)

V5 Fnu (10)

This shear stress is very iumportant because it Is the mst important cause of
pitting. For case hardened alloy steel, we must obtain a hardened layer (eff. case
depth) of at least twice the depth of msaxims shear stress.
Most publication stipulate that cc way not exceed the Yield point of the used steel.
But, the determinationsof the Yield point in a hardened layer of case hardened alloy
steel is practically impossible I

Klaus Bornecke *2 has made a study about the heat treatment of case hardened cy-
lindrical gears and their load capacity. we have made a summary with the most
important particulars.
In this exposition, the shear stress is a standard stress, which can be dtfined by
three hypothesises :

1. Main shear stress Vsub

2. Theorem of the minimum elastic energy

3. Iversed shear stress

The comparison of these three stresses is represented in fig. 2.4.

21 : Georges Henriot : Traite theorique et pratique des engrenages 1.
Chapitre VII

52 : Klaus Bornecke Beanspruchungsgerechte Wgrmebehandlunq von
einsatzgehArten Zylinderrldern.
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2.2.2. Allowable contact stress (Permissible Hertzian pressure)

ZL  . zR  V. ZW . zX Wrein: (3)

p in

aRlim - excuraxc limit for contact stress

S~mn - Minimum demanded safety factor for contact stress.

ZL - Lubricant factor

ZW - Work hardening factor

Zx  - Size factor for contact stress.

Z R  - Roughness factor

ZV  - Speed factor

ZN life factor for contact stress.

2.2.3. Safety factor for contact stress (against pitting) (4)

l..The factors were named abve

2.3. EN4URA LIMIT FOR CCNDIr STRESS.

The endurance limit for contact stress can be regarded as the6 level of Hertzian stress
wich a material will endule without damage for at least 50.10 loadcycles. Testing discs
in disc machines gives an indication of trends of relative values of endurance limit for
contact stress. These values can also be established on the basis of data from gears
in service.
The fig, alongside can be used as a guidance for surface hardened steels - when the re-
quisite data are not available.
The values correspond to a failure probability of
1%. The endurance limits for Hertzian pressure
shown in this diagram are valid for a mean surface
rou* ss Rtm = 3um (Z = 1) a tangential speed (0Hlim N/rm2
V = lows (Z' = 3) andja Oil viscosity v= 100 170 N/mm

2

(Z =1) .
W'hn we look at the graphics zone concering case 1600
hardened alloy steel, principally used for aircraft Case-hardened
gears, this zone contains a very wide range for "-toys ee s
Hertzian pressure endurance values, mnmly frm 1500 -e-

1300 to 1650 NMnss
2
.

For high quality gears used in aircraft, we must 0 • " -

aim at the optimum. This optim s is mainly influenced V
by 

10
1. Material otzrosition

2. Mechanical properties. 10

3. Hardening process, depth of hardened zone, hard-
ness gradient. 1100rde-be

4. Structure (forging-rolled bar-cast). 00 - I, flame- or

5. Residual stresses, induction hardened

6. Material cleanline and defect.90-
we will concentrate on point 3.
According to the I.S.O.-diagram, it is necessary to 800
have a surface hardness of 670-775 HVI, in order to 400 500 600 700 80
reach a maximun endurance limit for contact stress Surface hardness HVI -

(1650 N/nw). Nearly the whole gearliterature agrees on
these values. But what about the case depth with re-
gard to the limit for Hertzian pressure ? Only an Fig 22
"adequate case depth" is stipulated by I.S.O. We
have examined this element more closely.

(* by I.S.O. / DP 6336 II).

2.4. AD3H.PTE CASE DE'H FOR CASE HAMENEZ ALLOY ST=Z.

2.4.1. Shear stress in the subsurface layer.

Not only the Hertzian pressure, but also an appearing micro-stress in the subsur-
face layer is the cause of pitting. Hertz already krw this - but up to now there
is still no agreemnt about this shear stress.



2. CALCULATIO
t 
OF SURFACE DURABILITY (PITTING).

2.1. HERIZIAN PRESSURE

Pitting is small material particles breaking out of a tooth flank, leaving pits. This flank
damage can be caused by the reversed stress fatigue in the oontact area of underload
meshing gear-teeth. It arises when the occurring contact stress exoeeds the allowable con-
tact stress and depends on the number of load cycles.
Pitting principally appears in the dedendum flank where a negative sliding speed occurs.
The small pits, near the root fillet of a case hardened tooth can become the origin
of a crack -possibly leading to tooth-breakage. It can also cause unacceptable vibra-
tions and excessive dynamic overloads.
For these reasons Pitting is intolerable for aircraft gears.

Fig 2.1

The load capacity of tooth flanks is determined according to the principle and formula
of HERTZ. Therefore contact stress is sometimes called "HI MZIAN PReSSURE".
By ISO X the basic Hertzian formula is elaborated and completed with all possible
factors which can effect the load capacity and surface durability. Therefore, we take
this approach as startingpoint in our further explanation.
Further we only examine the endurance limit for contact stress ( - for its in-
volverent with the "case depth".

2.2. ISO APPROACH OF SURFACE DURABILITY (PITTING)

2.2.1. Contact stress (Hertzian pressure) at the operating pitch circle

H HD a 5 - V _
1
- a < 9 Wherein (1)

- Basic value of contact stress

- Application factor

K8 - Lcngitudinal load distribution factor for contact stress.

- Transverse load distribution factor for contact stress.
aHO - Allowable contact stress (permissible Hertzian pressure).

- Dynamic factor.

Ft  u+ 1
HD H E Z . Wherein (2)

I  
* b u

ZH  - Zone factor Ft  - Nominal tangential load

Z - Helix angle factor Zc - Contact ratio factor

d - Reference diameter of pinion b - Facewidth

ZE Elasticity factor u - Gear ratio Z2 / ZI

I The calculation of load capacity of spur and helical gears.
(I.S.O. DP6336)
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1.2. Corrective actions.

The following manufacture-lot will now be carried out with more surplus material
at the tip. In the premachining we enlarge the outside diameter so that there is
a surplus grinding material of 0.3 sin at the tip. On the flank and in the root
we keep the surplus grinding material of 0.14.
After the heat treatment, with the same cyclus as above, we obtain on the finished
gear an effective case depth of 0.85 mm at the tip, 0.7 mm on the flank and
0.55 mm in the root (see figure 1.5. and 1.6.). we can already see an improve-
ment here of the depth at the tip. But we still remain 0.05 above the maxim,=
limit.
A larger surplus material at the tip during prerachining could result in a far
too low surface hardness at the tip of the finished part.

Stock rnd,_ - material

0 X
Ca520 HV 700' /////

600,

0 14 400Z-Z

1.51.

A second corrective action is applied to the following fabrication lot. Besides
enlarging the outside diameter we also modify the tooth thickness at the tip.
We realize this by using a hob with a special basic profile.
Namely - with a pressure angle of 170 (instead of 20)

- a tooth thickness in the root of the gear unmodified.

- the tooth thickness on the tip enlarged per flank to a grinding
surplus value of 0.33 ma (see fig. 1.7.)

After the heat treatment and finish-grinding we obtain new results, namely
Eht tip = 0.8 flank = 0.65 root = 0.55 ram.
Now we are all over within the required toelerances. (see figure 1.7 and 1.8)
But did we manufacture a better gear now ?

Certainly not. In order to prove this we have to study more thoroughly the
theory oncerning the load capacity of gears.
After this (chapter 4) we will try to stipulate a better or more explicit
specification about case depth and hardness.

z2 0. Stockgrindng materal

Case de th

x 
I

Y H

" X y500

014 40

Eht case depth

1.7 18



CASE DEPH ON FLANKS OF GEARS FOR HELICPTER GEARB2XES.

Mx. Andrd Watteeuw - Technical Director
M.C. VaTTEEM N.V.
't Kloosterhof, 92

8200 BRUGlC - BELGIE

One of the ost difficult and delicate operations during the manufacturing process of gears
for helicopter gearboxes and aircraft gears is the heat treatment. Case hardened alloy steel
of high quality are mainly used for aircraft gears.
Not only a good structure in the case hardened tooth but also the surface hardness, the core
hardness and case depth are very important for the load capacity of these gears.
On the drawing ana in the specifications belonging to it, values and tolerances have been
provided for the above-mentioned hardnesses. These, however, are not always adequate to
guarantee a good manufacture.

1. OBUIINED RESULTS AND POSSIBLE C(R1E4lTVE ACTIONS.

1.1. OBT.nIED RESULTS.

In order to make our exposition more clear, we will illustrate it with a practical
exanple.
Gear 33 teeth - medul 1.81(D.P.14) - 200 pressure angle - 0" helix angle.
material chemical copsition C:0.16 - Si = 0.26 - M = 0.56 - Cr = 1.04 - Ni = 4.39
Tolerances on the drawing concerning hardness and case depth
effective case depth minimum 0.4 em maxisum 0.8 em (Eht).
Surface hardness minimum 650 V Core hardness minijm 390 NV
At first sight these are wide tolerances which can easily be realized. But experien-
ce shows us that expecially the case depth is very often the cause of problem. Cer-
tainly to keep up the required tolerance limits along the whole toothform, tip,
flank and root.
Most specifications forget to determine where the Eht has to be measured. In this
case, manufacturing has to stick to the limits of the case depth, both at the tip,
flank and rot.

(IV
Conergoton

Fht 520 -

/De tcp

F'Q I I F,9 1 2
It is a well-known phenc, -tOn that luring 'he carburizing process the teeth of a

,"r tnke up mire, but also deeper, carbon at the tip than in the root. The reason
for this is th~e conwrerqlg at the tip and the diverging in the root fillet during
the perewration of qas in the carburizing process. As a result of this a carburized
ire% it ,1 - edqe arises which does not run parallel with the outer edge of the
r-th f, m. 1he area is deeper at th tip and smller in the root (see figure 1.1.)
e. ra-.os .f %evpral mico*Sardness measurements, every 0,2 mm from the edge to the

aI ! rdss qradient can he drawn up.
tke twhe value of 520 NV as the limit hardness for the effective case

ippl El I, , ,btain three different curves.
lie Flr ,al :-s for the measurements at the tip, flank and root radius are different.

f er 1..2.1.
W1 ruir tcu cr practical exaple. The aircraft gear is ground after the heat
rreatmnot trcause of precision reasons.

it is necessary to foresee surplus material for '-inding during pre-
nwtunim, is *,I I at the tip and on the flank as in the foot.

Sao

0 - 2 0., 0 , 2
0 l 0'
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DISCUSSION

R.Battles, US
I. Are the teeth tip radiuses or edge breaks accounted for in the 2.04 calculated contact ratio?

2. With the involute tip or flank modifications is a contact ratio greater than 2.10(0 maintaine,1 when operated at
reduced loads?

Author's Reply
I. The profile contact ratio value of 2.114 is the minimum calculated taking into account the minimum outside

diameter s of mating gears and their maximum tooth tip chamfers or radii.

2. Profile modifications are necessary to assure a smooth engagemelt between mating tooth pairs.

Their values (and tolerances) must be chosen assuring that at whatever power level the stresses are within the
limits.

It is true that at a certain point, when reducing the power, the contact ratio falls below 2.00. That condition must be
looked at. as it is normally the most stressing ome.
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TRANSMISSION EFFICIENCY MEASUREMENTS AND CORRELATIONS
WITH PHYSICAL CHARACTERISTICS OF THE LUBRICANT

John J. Coy
Propulsion Laboratory

AVSCOM Research and Technology Laboratories
Lewis Research Center
Cleveland, Ohio 44135

Andrew M. Mitchell and Bernard J. Iamrock
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

Data from .icopter transmission efficiency tests have been compared to physical
properties of the eleven lubricants used in those tests. The tests were conoucted
with the OH-58 helicopter main rotor transmission. Efficiencies ranged from 98.3 to
98.8 percent. The data was examined for correlation of physical properties with elii-
ciency. There was a reasonable correlation of efficiency with absolute viscosity it
the viscosity was first corrected for temperature and pressure in the lubricated con-
tact. Between lubricants, efficiency did not correlate well with viscosity at
atmospheric pressure. Between lubricants, efficiency did not correlate well with
calculated lubricant film forming capacity. Bench type sliding friction and wear
measurements could not be correlated to transmission efficiency and component wear.

INTRODUCTION

In refs. 1 and 2 results were presented from efficiency testing of eleven
different lubricants in an OH-58 main rotor transmission. The tests showed that the
efficiency ranged from 98.3 to 98.8 percent, depending on the lubricant used.
Furthermore, tha efficiency for a given lubricant showed an increase with increasing
inlet temperature with two exceptions, where the efficiency decreased with increased
temperature. Since temperature affects viscosity, there was an increase in efficiency
with a decrease in viscosity for a given lubricant, but no correlation among all the
lubricants as a aroup was found.

'The generally high efficiency was no surprise since it has long been recognized
that the mechanical efficiency of helicopter power trains is quite high. Usually a
planetary reduction has 3/4 percent loss, and a single bevel or spur gear mesh has 1/2
percent loss (ref. 3). Compared with the large amounts of power available from the
engines of a helicopter, it may seem that fractions of a percent of the power lost in
the power train path are inconsequentia

1
. However, the impact of higher losses is to

require larger and heavier oil cooling systems. This effect adds to reduce helicopter
payload and reduce survivability in a hostile area. Moreover, when the results from
the work presented in re~s. 1 and 2 are considered where there was as much as 50
percent variation in power losses among the lubricants tested, the impact on oil
cooler weight, size, and vulnerability become very significant. By proper selection
of lubricant, the operating envelope and payload capacity of the helicopter can be
improved.

There are many factors which act together in causing the power loss in a
helicopter transmission which is a rather complicated assembly of gears, shafts,
seals, and bearings. In a typical application it is expected that sliding, windage,
churning and pumping losses all play a role, as do a variety of physical parameters of
the lubricant which are important in the particular mechanism of lubrication.

There have been significant contributions to the theory of power losses in
transmission components. Martin (refs. 4 and 5) considered power loss between gear
teeth. Townsend, Allen and Zaretsky (ref. 6) considered bearing power loss. Anderson
and Loewenthal (ref. 7) gave a comprehensive analytical treatment of power loss in
gear sets, including gear losses and bearing losses. Townsend and Akin (refs. 8 to
10) have concluded that efficiency and cooling in gear sets is optimum with radially
directed lubricant jets on the exit side of the gear mesh. Murphy et at., (ref. 11)
in their study of low-speed worm drives have concluded that synthetic oils with the
lowest traction coefficients give the highest efficiencies.

Tne effort described in refs. I and 2 has been continued by investigating the
physical properties of the lubricants. Results of the properties and characterization
of the lugricants, including pressure-viscosity and friction effects, are reported in
ref. 12.

In view of the aforementioned progress, the objective of the work presented
herein was to summarize and compare the previously measured helicopter transmission
efficiencies with the newly available physical characteristics of the lubricants.
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Specifically, the pressure-viscosity effects and the friction effects were examined
for possible correlation with measured transmission efficiency. The results of that
investigation are reported herein.

APPARATUS, SPECIMENS, AND PROCEDURE

Transmission Test Stand

Figure I shows the NASA 500 hp helicopter transmission test stand, which was used
to run the efficiency tests. The test stand operates on the "four-square" or torque
regenerative principle, where mechanical power is recirculated around the closed loop
of gears and shafting, passing through the test transmission. A 149 kW (200 tip) SCR
controlled dc motor is used to power the test stand and control the speed. Since the
torque and power are recirculated around the loop, only the losses due to friction
have to be replenished.

An il kW (15 hp) SCR controlled dc motor driving against a magnetic particle
clutch is used to set the torque in the test stand. The output of the clutch does not
turn continuously, but only exerts a torque through the speed reducer gearbox and
chain drive to the large sprocket on the differential gear unit. The large sprocket
is the first input to the differential. The second input is from the upper shaft
which passes concentrically through the hollow upper gear shaft in the closing end
teirbox. The output shaft from the differential gear unit is the previously mentioned
hollow upper gear shaft of the closing end gearbox. The torque in the loop is adjust-
ed by changing the electrical field strength at the magnetic particle clutch. The Ii
k.4 (15 hp) motor was set to turn continuously at 70 rpm.

The input and output shafts to the test transmission are equipped with speed
sensors, torque meters, and slip rings.

Figure 2 is a schematic of the efficiency measurement system. The system allows
the helicopter transmission to be operated in a thermally insulated environment with
.,rvisions to collect and measure that heat generation due to mechanical power losses
in the transmission. In this schematic, the instrumentation used to measure torque
ind speed, and hence Dower input to the test transmission is not shown. The original
,il-to-air heat exchanger which is standard flight hardware was replaced with an oil-
t,--ater heat exchanger so as to allow more precise measurements of the heat rejection
t rini an efficiency test run. By using the water to remove heat, any uncertainty of

f ne -rrect value for specific heat of the oil was removed.

Figure 3 shows the test transmission mounted in the test stand. Figure 4 shows
rhi, test stand with the insulated housing around the test transmission. Thermocouples
'-r', placed at various locations inside the insulated housing to verify the adequacy
,i the insulation.

test Lubricants

All the lubricants were near to the 5 to 7 centistoke range in viscosity and were
jtilified for use or considered likely candidates for use in helicopter transmis-
sins. All the lubricants were tested (ref. 12) using new and used samples after
copmrletion of all efficiency test runs. Tables I to X, list the test lubricants,
their specification, basestock characterization, physical properties, and chemical
analysis performed. The methodology used is available in ref. 12.

lest Transmission

The test transmission was the main rotor transmission from the U.S. Army's 011-58
light observation helicopter as described in ref. 13 and shown in Fig. 5. The trans-
mission is rated for 210 kW (270 hp) continuous duty and 236 kW (317 horsepower) at
takeoff for 5 min. The 100-percent input speed is 6060 rpm. The input shaft drives a
19 tooth spiral bevel pinion. The pinion meshes with a 71 tooth gear. The input
pinion shaft is mounted on triplex ball bearings and one roller bearing. The 71 tooth
bevel Rear is carried on a shaft mounted in duplex ball bearings and one roller bear-
inrg. The bevel gear shaft drives a floating sun-gear which has 27 teeth. the power
is taken out through the planet carrier. There are three planet gears of 35 teeth
which are mounted on spherical roller bearings. The ring gear (99 teeth) is splined
to the top case and therefore is stationary. The overall gear ratio is 17.44:1
reduction.

The planet bearing inner races and rollers are made of AISI M-50 steel. The
outer races and planet gears, which are integral, are made of AISI 9310. The cage
material is 2024-T4 aluminum. The gear shaft duplex bearing material is CVM 52CB.
All other bearings are made of AISI 52100 with bronze cages. The sun gear and ring
gear material is Nitralloy N (AMS6475). The input spiral bevel gear-set material is
AISI 9310. Lubricition is supplied through jets located in the top case, with circu-
lation provided by an integral pump.
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Test Procedure

Before the start of each efficiency test, the transmission and heat exchanger
were cleaned out with solvent and the transmission components were visually inspect-
ed. Gear tooth surfaces were photographed. The transmission was then assembled and
mounted in the test stand and filled with oil. The rig was run briefly to check for
oil leaks. Then the loose fill insulation was added, filling the plexiglass box to
completely surround and thermally insulate the test apparatus and transmission.

Efficiency test runs were made with the oil inlet temperature controlled to with-
in less than one degree kelvin. Tests were run at oil inlet temperatures of approxi-
mately 355 K (1800 F) and 372 K (2100 F). The torque on the input shaft was 352 N-m
(3118 lb-in) for each run. The input speed was 6060 rpm. This corresponds to the
full power condition on the test transmission. The oil inlet and oil outlet temper-
atures were monitored until equilibrium conditions were established, which generally
took about 20 to 30 min. The efficiency tests were then started. Water was collected
in the weighing tank and data were recorded for total water weight, inlet and outlet
temperatures for the water and oil, and flow rate for the water and oil. Vibration
spectrum records were taken once each minute for a total test time of approximately 30
min for each test temperature.

After the tests were completed the transmission was disassembled, cleaned and
visually inspected for changes in the gear and bearing surfaces. Photographic records
were made. The lubricant was saved for later analysis. The efficiency was calculated
from the heat balance on the water that flowed through the heat exchanger.

RESULTS AND DISCUSSION

The experimentally determined efficiencies are listed in Table XI and plotted
against oil inlet temperature in Fig. 6. The range of efficiencies varied from 98.3
to 98.8 percent. This is an overall variation in losses of almost 50 percent, rela-
tive to the losses associated with the maximum efficiency measured.

In general, the higher test temperature for a given lubricant yielded a higher
efficiency. The exceptions were with lubricants E and C, which were different types
of synthetic lubricant. Lubricant G, being more viscous than the other lubricants
could not be tested at the targeted oil inlet temperature. This was because the heat
generated could not be removed with the existing water/oil heat exchanger. The test
temperature increased to 378.5 K with the heat exchanger at full water flow capacity.
At the higher temperature the efficiency for oil G was consistent with the efficien-
cies for the lower viscosity oils. The two automatic transmission fluids (A and B)
and the Type I Synthetic Gear Lubricant (E) yielded significantly lower efficiencies
as a group.

For meshing gear teeth, pure rolling exists at the pitch point, with increasing
amounts of relative sliding as the contact point moves away from the pitch point.
(Based on the research presented in ref. 7, the major power loss in the transmission
has been determined to be due to sliding in the gears and bearings.) For higher
amounts of sliding in an elastohydrodynamic contact, Couette flow predominates. Since

the power loss for Couette flow with a Newtonian fluid is proportional to the absolute N
viscosity, a possible correlation of efficiency and viscosity was investigated. In
Fig. 7 the efficiencies are plotted against the lubricant absolute viscosity at the
inlet temperature. The correlation of efficiency with viscosity is rather limited.
It is interesting to note that while the Mil-L-7808 lubricant (lubricant H) was the
lowest viscosity oil, the efficiency was no better than the Mil-L-23699 lubricants
(lubricants C, D, 1, and K). By the plotted results, it is clear that viscosity
variation is not the primary reason for the varying efficiencies between the different
lubricants. But there is a general trend to higher efficiency for lower viscosity for
all the lubricants except C and E. The slope of the aforementioned trend is identical
for a large number of the lubricants.

While it is true that the elastohydrodynamic lubrication film thickness is deter-
mined by the fluid properties at the inlet, the traction and friction properties are
determined by the properties within the contact area itself. Therefore, it may be
more correct to use viscosity that is obtained from a viscostty equation that takes
into account the pressure effects by using the Barus equation (ref. 14). A repre-
sentative pressure of 0.6 CPa was used to correct the viscosity via the Barus re-
lation. The corrected viscosity was investigated to determine if a correlation with
efficiency existed. The results are shown in Fig. 8. The cirrelation is better than
that in Fig. 7 in that lubricant H is now included in the major trend of decreasing
efficiency with increasing viscosity at contact pressure conditions. Lubricants C and
F continue to have reverse trends from the majority of other lubricants. The data for
lubricants F and G which are the only synthetic hydrocarbon type lubricants are above
the major trend line that was fitted to the lubricants.

In hydrodynamic lubrication, Couette flow predominates, but in elastohydrodynamic
lubrication, (for pure rolling) Poiseuille flow is predominant. For Poiseuille flow,
the power loss is proportional to the lubricant film thickness. Therefore, a possible
correlation of efficiency with lubricant film thickness forming capacity at the inlet
temperature was investigated. The film forming capacity is the product of absolute
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viscosity (at inlet conditions) and pressure viscosity exponent, each raised to the
0.68 and 0.49 power, respectively (ref. 15). Results that are very similar to those
of Fig. 7 were obtained when efficiency was plotted against the elastohydrodynamic
film forming capacity. it can be concluded that the correlation of efficiency with
film forming capacity is also rather limited.

In order to relate transmission efficiency to some readily measurable physical
property of the lubricants, the friction coefficient of the lubricants was measured
using the LFW-I tester (ref. 12). There was much scatter in the friction data from
this test (table X). The mean value for friction was examined for any correlation
with calculated lubricant film thickness or viscosity at 373' C and 0.55 GPa which
were the conditions of the LFW-I test. There was a general linear regression trend of
increasing friction with increasing viscosity which agrees with pure hydrodynamic
fluid flow. In addition, there was a general linear regression trend of increasing
friction with increasing film thickness which agrees with the previously mentioned
postulate of Poiseuille flow in conjunction with elastohydrodynamic lubrication. When
the efficiency was plotted against the mean friction coefficient for 373 K (2120 F) it
was found that a linear regression trend of decreasing efficiency with increasing
frictin coefficient existed. However, there was much scatter in the data. Addition-
ally, for an individual lubricant, efficiency could not be determined based on the
LFW-l type measurement of friction coefficient. Furthermore, severe wear was ouserved
on the LFW-l test specimens. Visual inspection of the transmission components after
each test run showed no indications of wear or degradation (ref. 1). In fact, the
black oxide coating which was placed on the gear surfaces during manufacturing was
hardly worn off. Hence, it must be concluded that bench type sliding friction and
wear measurements cannot be correlated to transmission efficiency and component wear.

It is believed that the lower efficiencies for lubricants A, B, and E as well as
the mentioned reverse trends of lubricants C and E are related to traction coefficient
characteristics which are a function of the lubricants non-Newtonian constitutive
relations as affected by lubricant base stock and additive package chemistry. The
lubricant constitutive relations were studied by Hdglund (ref. 16) and Kuss, et ak.
(ref. 17). The lubricant rheology study of Hlbglund was aimed at defining the depend-
ence of lubricant traction behavior as a function of pressure and temperature.
ioglund's measurements (ref. 16) were made for a broad sample of lubricants which
included many of the types used in this study. The constitutive relations were
characterize. as follows. There was generally a limiting shear stress, beyond which
the fluid was unable to support a stress that was calculated by the Newtonian expres-
sion where stress is proportional to strain rate. There was also a critical pressure
or "solidification" pressure beyond which the lubricant limiting shear stress increas-
ed linearly with pressure. The solidification pressure increased with temperature.
In f6glund's study, the ranking of lubricants with increasing solidification pressure
at 373 K (212

°  
F) was a synthetic traction fluid (1.07 (Pa), a lithium soap grease

(1.37 (;Pa) three paraffinic mineral oils (1.48, 1.66, 1.77 (Pa), and finally the
synthetic hydrocarbon and synthetic ester lubricants which did not solidify up to the
limit of the test rig (2.2 CPa) at the 373 K (2120 F) temperature. These synthetics
did solidify at lower temperatures which in one case was as low as 313 K (1040 F) for
a nolvalphaolefin/polyolic ester synthetic lubricant.

What is significant about ttbglund's results in relation to the present study, is
that he shows there can be a large difference in the manifested frictional losses
among various lubricants at the same pressures and temperatures as a result of the
solidification pressures being different. It is believed that te lower efficiency
with lubricants A. B, and E are due to there being a lower solidification pressure for
these lubricants.

In the study of Kuss, et al. (ref. 17) it was shown that the addition of 9.6
percent sulphur to a base stock caused a drastic change in the viscosity versus pres-
sure characteristics. For the base stock, there was generally an exponential trend of
increasing viscosity with pressure up to 200 MPa (which is as far as the data points
were taken). The addition of sulphur produced a knee in the viscosity versus pressure
relation beyond which the viscosity increased even more rapidly with pressure. For
the range of temperatures 298 to 323 K (770 to 1220 F) investigated, the knee in the
curve ranged from 40 to 190 MPa (276 to 1310 psi). What is significant about this in
relation to the efficiency measurements presented here is that the measured viscosi-
ties presented in Table Ill and used for the possible correlation in Fig. 7 are for
atmospheric pressure only. The viscosity at high pressures such as exist in the gear
and bearing contact regions would be different, from that calculated using te pres-
sure-viscosity coefficient with the Barus equation. Hence, an improved correlation
may be obtained if the lubricant rheological properties that affect traction measured
under conditions of pressure and temperature representative of the efficiency test
conditions reported herein.

The reason for the decrease in efficiency with increase in temperature for
lubricants C and F is unknown, but may be related to increased activity of the par-
ticular additive packages at the higher temperatures which may cause theological
changes in the fluid in conjunction with formation of chemically absorbed surface
films. Lubricant E (table IX) has large amounts of chlorine, zinc, sulphur and barium
which are indicative of large amounts of antiwear and detergent additives being
present.
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Tables VI to X give the comparison between the lubricant analyses performed
before and after the efficiency test runs. It is noticed that lubricants A and C
showed significant increases in the iron content (table VI). Also, lubricant E showed
a strong acid value before and after the test runs (table VII). These three lubricants
were among the ones giving deviant performances for efficiency.

SUMMARY OF RESULTS

Data from helicopter transmission efficiency tests have been reviewed and compared
with data characterizing the physical and chemical properties of the lubricants used
in the transmission. The transmission efficiency tests were conducted using eleven
different lubricants in the NASA Lewis Research Center's 500 hp torque regenerative
helicopter transmission test stand. The test transmission was the OH-58A helicopter
main transmission. The mechanical power input to the test transmission was 224 kW
(300 hp) at 6060 rpm. Tests were run at oil-in temperatures of 355 K (180' F) and
372 K (2100 F). The efficiency was calculated from a heat balance on the water running
through an oil-to-water heat exchanger while the transmission was heavily insulated.
The test lubricants were analyzed for their physical and chemical properties. Newly
available data on pressure-viscosity characteristics as well as friction data from
LFW-l type testing were examined for possible correlation with the efficiency data.

The following results were obtained.

1. There was a reasonable correlation of efficiency with absolute viscosity (cor-
rected for temperature and pressure in the contact).

2. Between lubricants, efficiency did not correlate well with absolute viscosity at
atmospheric pressure.

3. Between lubricants, efficiency did not correlate well with calculated lubricant
film forming capacity.

4. Bench type (LFW-I) sliding friction and wear measurements could not be correlated
to transmission efficiency and component wear.
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TABI.E I. - TESI LUBRICANT TYPES

lobeicant Spec h'ation Generic type/Batestock

NASA code
(AFLRI code)

A DlEPIIN 1I M 11i7-M A1tona- ic trns t n ission flsid/minera oil
I (1115.'

A ilXR56 N I T M 1 11-M Atoloat ic transmission fluid/mineral oil

Mll-' -I btt lrbior engin oil/ester (PE)

D ill-h-lit., lope It spntbet gan turbine engine

It11/ it/ester PE)

Formulsed gear lubnicant/dibaic I
(112h) ester

O i SA ee.,n test Ibr icant - s/oi,,.

(1t150) partilinic with anh wer
addities/ynibet ic hydrcarbrn bPAl)

e;fl.-! -/IlY: Sonthet ic fleet engine oli/Mixt.r o .
111,6:1 t/ l M -. bl/ K0 peTfni o11btsic hydtocs boo IPA0

ini 1i pecent enter (IMP)

o N11-I -lon Tirfine e nrg ne oil etr (INP)
(11 li/i

HIT -L-2t TII I irbine engine fi/mistote I
,' per en T TP ester nd 0 perce - Pi

ilope 1 sobine ennine oil:e -t (PE)l

1th-rin engine -il/nilot e if "i percent
1112161 j Phb Otet and 1 percent ilt: ester

IfI - per TIer lhr ip ,
TSp - triethv:,lpcopiane

PAil p ylpho le in
DPt - tipent IerIhritol
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TABLE II. - SPECIFIC GRAVITY DATA ACCORDING TO

ANSI/ASTM SPECIFICATION D-1481, API

GRAVITY ACCORDING TO ANSI/ASTM

aSPECIFICATION D-1298

(DATA FROM REF. 12)

Lubricant Specific gravity at listed temp API
code ___ gravity

313 K 355 K 373 K 288 K

A 0.8620 0.8558 0.8514 29.8
B .8626 .8548 .8546 29.9
C .9973 .9862 .9843 8.2
D .9868 .9768 .9746 9.7
E .9322 .9211 .9201 17.7
F .8262 .8108 .8088 36.0
C .8629 .8536 .8527 29.6
H .9442 .9320 .9313 15.7
l .9659 .9568 .9546 12.8
J .9856 .9759 .9747 10.1
K .9829 .9721 .9725 10.3

aANSI/ASTM, American National Standards Insti-
tute/American Society for Testing and Materials

TABLE III. - KINEMATIC VISCOSITY DATA

ACCORDING TO ANSI/ASTM

SPECIFICATION D-455

(DATA FROM REF. 12)

1lubricant Viscosity at listed temp. cSt
c ode

313 V 355 K k

A 17.48 10.48 7.01
B 33.15 9.64 6.52
C 26.40 7.69 5.13
D) 26.17 7.50 5.00
E 33.91 8.91 5.87
F 28.01 8.15 5.36
G 6.65 15.05 9.83
H 13.16 4.73 3.38

1 24.19 7.18 4.85
.1 24.76 7.23 4.89
K 26.39 7.61 5.09

TABILE IV. - SPECIFIC HEAT DATA DETERMINED BY

DIFFERENTIAI. SCANNING CALORIMETRY

(DATA FROM REF. 12)

Lubricant Specific heat at listed temperature
code

313 K 373 K 413 K

-'p a Cp 0 Cp a

A 0.42 0.091 0.42 0.12 0.44 0.14
B .510 .048 .50 .1151 .41 .07
C .33 .097 .32 .097 , .12 .()91
D .33 .071 .34 0.72 .34 a. 0 8 4

.68 .11 .73 .13 .76 .201
F .53 .12 .54 .13 .54 .14
G; .5) .o91 .47 .!358 .42 .159

II . 17 .O16 .W31 .037 .31 .1 9.
.53 .0160 .47 .03" .44 a 1 7 5Ll~ 

-!  
.7 7jOil .4.8 . t0 ) .9 1.1, 0

S .44 . .38 . .34 . 7

"For calculation of CD and and 0 I.
deviation) one vale, in(,rdinatel.v dif f-eont I rom

the ,th r q, wa s d isc irded . hus , f r ,r v lues rather
than fiye wv r i l o d , te rm in t h , d , 1.



TABLE V. - PRESSURE-VISCOSITY COEFFICIENTS

FOR TEST LUBRICANTS EXPRESSED AS

RECIPROCAL ASYMTOTIC ISOVISCOUS

PRESSURE (DATA FROM REF. 12)

Lubricant Reciprocal asymtotic i~oviscous
code pressure a*, GPa at

listed temperature

313 K 373 K 423 K

A 15.37 11.72 10.22
B 14.96 11.85 10.34
C 11.63 10.03 8.81
D 12.43 9.94 8.71
E 15.53 11.51 9.88
F 13.44 11.14 9.53
C 13.80 11.34 10.36
H 11.53 9.14 7.95
I 12.08 9.24 8.34
J 11.96 9.23 8.30
K 11.40 9.50 8.32

TABLE VI. - TOTAL IRON ANALYSIS BY

CALORIMETRIC METHOD (REF. 18)

(DATA FROM REF. 12)

Lubricant Iron content, ppm
code

New Used

A 1 4
B <1 <1
C 1 6

E I
F l i 2
C 2 3
H sl 1
I <1 <1

J <1
K <1 <1

TABLE VII. - LUBRICANT ACID

ANALYSIS ACCORDINC TO

ANSI/ASTM SPECIF-

ICATION D-664

(DATA FROM REF. 12)

FL-ubricant Total arid number]

code Mg KOH/g

New Used

A 0. 54 0.54
B [ .62 .62

C .O1 02
D .07 .07
E 15.8 a 15 .7
F .42 .51

3. " 2 3.5
H .34
. .54 .38

K .48 ".d

aStrong acid value =.1

on samples
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TABLE VIII. - PARTICULATE CONTAMINATION COUNT ACCORDING

TO SAE AEROSPACE RECOMMENDED PRACTICE

ARP 598A (DATA FROM REF. 12)

Lubricant Number of particles/100 ml
code

Particle sizes in micrometers

5-15 15-25 25-50 50-100 100 Fibers

A New 17 2 2 4 10 12
Used 4 1 6 7 11 10

B New 6800 2980 200 40 44 112

Used 49 51 27 23 16 18

C New 72 36 18 12 10 7

Used 4 1 2 1 5 9

D New 685 275 35 22 15 20

Used 200 65 38 24 21 j 39

E New 120 60 23 25 22 33
Used 44 7 10 13 12 19

F New 60 16 30 13 7 22

Used 475 8 2 5 - 52

C New 49 39 45 38 34 78
Used 4740 10 11 9 6 34

H New 1780 72 45 40 25 32
Used 1850 118 108 60 52 62

I New 54 23 17 16 4 19
Used 840 660 450 21o 80 120

J New 47 22 10 7 12 18

Used 36 18 14 8 11 29

K New 185 175 100 70 35 45

Used 105 48 35 21 20 22

TABIF X - WFAR METALS TEST RESULTS USING X -RAY FFIU IRES FN( F FCI.ThR METHOD (R EF. 1) (DATA FROM REF. 12)

. ... .D te c tto ( P P M ),

MR Al c- Fe 1 M ){Co SF.) 10:) C Ba ) Si Me

w I ----- 2.07 --- ---- - 0.21 C. --.- ---
5.91 1 12 0.5 0.10 0 _ __ ... 0.11... 0.12 ---- -- - .09

F w..6 1.80 ..---- ---------- 06 9k , lo.' I ----- 0.33 0.21. 4 . 21 1.qO 01.51 . . . .21 , 40 /9° .2)

12.9 .04 2,19 0.21 0.12 . 1 .9 --- -- ---- .09
- - - - - -- - o .

16 S0 24A 0.9 19 00.11O 7 0%12.1 --- FI11 22.00 019 .2O.5) .. .... Is

F Few o.16 0.19 ;.51 0.1 o - - - - --- 1.26 222 2.CS 11. 01 (1.19 l".16 1 0.09'rned .12 1.69 1.61 ,26 -' . 1 - 12 0.9 . ....I9

F New 
--. 

. 05- - - - - - - - -229 C. I.-0--- OhUsed 5.6 . .. 51. --- --- - .5

Me n' 1,.1... ' ...... I.... ... 1.51 22,O 5.29 66 .... .... .. 0.O02ed .-- 0.6 -.-- .-- ---- 0. .... .... . ---- ----.
F.91 ... 0.9 F 0.......1- .o. 0.02 .1 .. ..... .F .1

,?e.) .62 0.6F 1416 .2 .- .6 -- 26 1C 12 .; - - - - 2

New 0. )2 . 6 - - -- . 0-- 1 -- . F--- --9- - -- - - - - 22A i

811d I 5 1F'M 0.SF ,.. - I .11, o.67 0.1
1ew .2 21.68 1 .0 . 29 0,21 6 - - - - -.

,7ed..... .2---11 .0.6 .. . . . 29 i. I --.. .. . .. .O

w ---. - .52.6 -.. - . .. .... .. ... .... .... .2

- Id .19 .2 .R - .. :12 . .6 .16 -- --. . 1

FCF ~ o . be do ~5ro. I OFoer.o 6rlo

FCC F S. '. o. po 
- --- 

--- - -r .

II eO I. 2Ai %/ ........I r F6F

€I)l~mi o d t*:tin or apl . hen 1--.,~ e r A I, hn hsv h
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As irfac i3sperity wsveiengths increase, their slopes redue. Thus ilthoag 4n r7: r 2 
rouwnness w sir'nnnt sill be strongly affected by the long-wavelengtn content of tre r-gncn , tn-
severity of such asperities is relatively low and it is important in contact problems not to Suck tiI-
influence to dominate roughness data.

The problem is dipicted in Figure 8 where the output from a stylus measuring device is compared
with the relative roughness seen by a Hertzian contact. Just as with the plasticity index applied to
short wavelength features, where the asperities are sharp enough to plastically deform under almost any
load, a similar long-wavelength conformity index will exist, where a contact can 3ccommodate the
long-wavelength height variations by elastic conformity, without any change in the applied load. Thus
as Figure 8 depicts, the roughness a gear or roller bearing contact experiences, is that range of
asperity wavelengths which are severe enough not to allow conformity to occur.

Figure 9 shows the contact of a roller against a roller bearing raceway surface (13). The scale is
adjusted to show the effects of conformity, or non-conformity, as the roller encounters a plastically
deformed surface dent, which was produced by a particle of rolled in debris during the filtration tests
reported in (8). The Figures are produced by a numerical force-displacement technique of ebastic
contact. The results shown correspond to a dry contact situation and variations in pressure, shown as
due to local asperity effects about a mean Hertzian distribution, would lkely be modified when the
surfaces are interspersed between a lubricant film. However with such a film under ehd conditions, and
tnerfore In a glassy state, it is not clear to what extent the film will accommodate the roughness by
similar local variatlons in pressure and the formation of micro end films, or, whether side-leakage of
lubricant, on an asperity scale, would prevent micro ehd formation, and the roughness would therefore
maintain its identity through the contact.

Investigating the contact in this way allows the use of wavelength and height restrictions to be
imposed on measurements of roughness. Thus to define a representative b (film thickness/reis roughness)
value for an ehd gear or roller bearing contact, the roughness needs to be defined as relatlve to the
deformed surface. This can be achieved by high-pass filtering the profile signal prior to computing
the rms roughness and calculating the A value. This philosophy is not new, Leaver, Sayles and Thomas
(14) introduced the technique when analysing the performance of taper roller bearings oirating under
partial ehd. They showed that by filtering the roughness profiles at a wavelength equivalent to the
Hertz contact width, much better agreement was ahcieved between electrical contact resistance
measurements and surface contact theories based on the calculated A values. The same philosophy was
later applied successfully to several surface contact related problems ( ), and the term "functional
filtering" was adopted to described the technique. This functional filtering concept has been taken a
step further in this paper, which should lead us to a better definition of the roughness and
performance of gear and bearing contacts.
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Where k .a the non dimensional radius of the pressure distribution and,

6
r  

- " , the non dimensional normal displacement. Alsor'
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Expression 6 now relates the difference in elastic surface displacements, 6r., to the size of the
pressure distribution, k. The integrals in equation 6 are elliptical integrals of the first and second
type, hence their values, for a given value of k, may be looked up in tables. Figure 11 represents the
values of the rhs of equation 5 for values of k up to 1, I.e. where the displacements at radius r are
located at the edge of the uniform pressure. If the value of q used in the analysis is set at the

indentation hardness of the material being considered Figure 11 represents the limiting values for
elastic conformity around an idealised particle.

For a particular value of k, essentially the particle radius, we can find a limiting value of 5r, a
measure of the particle thickness to which the contact can elastically conform. For a particular case
we can choose r to be the half width of the gear or bearing contact, thus our conformity criterion will
be set to be within the contact zone, all the parameters being non-dimensionalised with respect to the
half width. In real situations we would be concerned with values of k between 0 to 0.5, as at higher
values the particle would be carrying a substantial amount of the load and it is unlikely that ehd
support would be available.

For particles that have a size and shape that would be outside the elastic conformity region marked
in the figure, we would expect local surface plastic flow to occur until the gear or bearing surfaces
were close enough together to offer ehd support, hence leaving permanent surface damage.

This form of analysis suggests that particles of particular shape, or aspect ratio, are less
damaging, and that the final form of any particle softer than the mating surfaces will assume this
shape following rolling and plastic deformation. This could well help to explain the large amount of
"plstelet" debris found In gear and bearing lubricant systems. Interpretation of this latter effect in
terms of the contacting surfaces, would suggest that debris dents would assume shapes similar to the
deformed debris, and infact this is what is seen in practice (8) and debris dents appear to be
relatively shallow compared to their extent in the plane of the surface. The analysis also helps to
explain why dents appear which are much larger in mean diameter than the lubricant filtration system
would seem to allow, were the particles to maintain their initial size and shape, Also if the form of
plastic deformation we have described is accepted, the volume associated with a particular debris dent
can be used to estimate the original mean particle diameter, which when compared to filter ratings, has

allowed a more sensible explanation of our earlier results (8). Such analyses also give use a better

idea of the maximum size of damaging particle.

DISCUSSION AND CONCLUSIONS

The influence of surface irregularities on component performance Is considered as a bandwidth
sensitive problem. The examples presented of this approach range from dimensional tolerance, where
long-wavelength effects are important, down to very short-wavelength roughness which is shown to effect

the performance of bearing and gear contacts.

This approach to roughness related problems is shown to depend on defiring the wavelength of
surface irregularities which are most influential, and several new metnois of arrive at this
information are presented.

Elastic Hertzian Contact

The first or tnese methods involves the use of an elastic contact computer program dvelop , to
investigate the effects of debris indentations on fatigue life. The prelimary results or this w,- ire
shown to ofrfr considerable potential in understanding ind solving problems of surface contact, riot
least of uhich, is the techniques ability to define which surface featurec produced on a surface are
m'st damaging to the contacting surfaces.

3rd Body Effects

A second, and new approach to surface contact related problems, is a toretical definition of the
influence of 3rd odlies within Hertzian contacts. Third )dy contact m,,.hanbnics is a mach neglected

area of tribology, and yet a great deal of evidence exists to snow that effects soch as debris
initiated fatigue are becoming more and more imprtant, particularly a. ateri qualities continue to
improve, Cur prvliminary analysis shows that permanent damage to gear and bearing surfaces is very
d'pendent an the ahape as well as the size of debris the conta::ta mart acoommodate. Results from
previous filtration and fatigue life st-jdles seem to confirm the g neral mesage obtained from this
nalysis.

*The graph is Iriwn fir one surfae )rnly. Li: t'Cci l isv th- elasti dlislcementa die to both
irr e may 're taken Into a b .- jt fy I Ovin cel toe Cr f-)r arn 'sJrf to" i Ijil ng themb obensi y for
imil ar miteriala 4 ny y o dol1e.
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gr'-ectry to t' 1 r, grn cn tIKx sroy furm. but is ideally suited to accept
! 't rf ,1 e pr.,f IL- It. I. . -hi c of tn, roller dimensions, roller position, elastic

'st r no t tol nordal force are also input, thus allowing the pressure distribution to be
il.1 ret From th re-al profile litt. The -uthors believe that this technique of loading real surface

profile in an elistic manner is uni ie.

Analysis of the pressure distribution around a real debris dent

Tht computer program -escribed has been used to calculate the pressure distribution around a debris
dent produced 'uring the experimental tests described in (8). The values for the load, Young's modulus
and roller dimensions reported in (8) were also used in order to reproduce, as nearly as possible, the
true experimental conditions. Figures 9a,b,c and d show the calculated pressure distributions
superimposed over the smooth case tceoretlcal results. The diagrams represent a history of the normal
pressures as the debris dent moves through the contact zone.

Tee results indicate that pressures in excess of 2.5 temes the theoretical maximum pressure can
exist on the contacting surfaces. The analysis of the state f stress beneath the surface subjected to
such a pressure distribution is also being carried out by means of a finite element technique.
Figure 10 snows a preliminary rersilt, in the form of a contour map of shear stresses due to the
presence of a dent in the contact. From results such as this, it seens clear that the assumption of a
state of Hertzian stress being present in the contact zone is often inadequate if a true picture of the
fatique mechanism is to be derived. Furthermore the sharp peaks seen in the pressure distribution can
be seen to produce significantly high shear stresses close to the bearing surface. Such results would
confirm the reported findings (8,9,11) that debris initiated fatigue is surface originated, and not
sub-surface, as the classical analysis would suggest.

The effects of the presence of an ehd or partial ehd lubricant film, and the extent of local
plastic deformation are the subjects of continuing research with this technique. Further research by
the authors is also in hand on how dents are actually formed, and it is appropriate to explain some of
our preliminary theoretical results in this paper.

The Formation of Indents

The particle indentation problem may be considered as an independent effect from the normal ehd
contact, if we can assume that the load carried by the particle is small compared with the total load
curried by the contact. To model the efeect of particle indentation the authors have investigated the
3iirface lisplarements due to a uniform pressure distribution which has a circular plan form, thus
-IAelling idealised disc type debris. The analysis uses the well known half space solution found in

All. Although real debris will not be regular in shape a uniform pressure distribution would be a
reiasonatl approximation if the loads are high enough to cause local yielding of the particle and
tearing or g er oirface. Clearly to cause damage within the contact region, there must be permanent
plasti: derornatin, hence the authors feel that the uniform pressure distribution chosen is a good
st arting point.

In the analysis a'- require to find the size and shape of debris that can cause the permanent
deformatian that has n observed in practice, Figure 4. In the real case the contact loads will be
supported by n ix-.r,j of the normal ehd load and the load transmitted throught the debris, the
proportion of tnesc- lads being inknown. However we can assume that once the surface deformation, due
to th lebris, ire .in that the fluid film can offer support, then the rest of the load will be taken
by ehd support. :03 'me analysis is concerned with investigating the surface displacements, using
clastic ala f ' thy, to determine the size and shape of particles that will allow elastic
c-eflorlt wtbim re ,t c:t met region.

m" -. a- toe exprnosicns for the surface displacements due to a uniform
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SURFACE TOPOGRAPHY AND CONTACt VIBRATION

The dynamic characteristics of rolling, and rolling and sliding vibration are complex, and although
a large proportion of generated noise can be attributed to rotational and cyclic frequencies of the
mechanisms involved, a good deal of noise is generated by relative motion of the interacting surface
topographies of the contacting components. Such effects are also limited by bandwidths of surface
irregularities which influence the frequencies of vibration.

Form and Waviness Effects

In the context of a rolling bearing or gear we can regard waviness as those features of the surface
topography which are prominent over a scale greater than the Hertz elastic contact dimension
(Figure 8). The significance of such features can be considered in the ideal case in which the
condition of full elastohydrodynamic (ehd) lubrication exists (Figure 8). The velocity of vibration
normal to the direction of motion is:

dz dz dx dz
V dt dx dt do 2

where u is the relative velocity in the direction of rolling and dL the slope of the surface features
dt

the rolling element encounters. In general slopes are relatively small on long-wavelength features,
and consequently waviness feature only becomes a serious problem when components possess relatively
high amplitude features such as chatter marks.

Surface Texture Effects

In a previous paper Sayles and Poon (1981) defined surface texture as the range of topographic
features which are prominent on a scale comparable to, or less than, the Hertz elastic contact
dimension (Figure 8). They went on to show that an even shorter wavelength demarcation can exist as
that at which surface feature may geometrically conform to each other by local elastic deformation.
This demarcation was shown to be expressed approximately by a conformity parameter (5), which way used
in conjunction with the structure function or correlation function to define the approximate spatial
size of asperity to which conformity could be expected to occur.

When conformity does occur on a repeating basis, as new surface elastic contacts are formed and
released, then noise will be generated. The reduction of this form of noise relIes on Knowing the
asperity sizes which are responsible, and removing or reducing the magnitude of these features during
the manufacturing and finishing processes.

The concept of conformity is taken further in later sections of this paper, where it is shown to be
a more general surface contact concept, and applicable to m&my more tribological problem areas. The
effects of the remaining non-conforming asperities, wear debris, and the surface damage resulting from
such effects are also discussed more fully later in the paper as they represent topics of much more up
to date research.

FATIGUE FAILURE

The analysis of roiling contact fatigue has historically centred around the assumption that the
contact pressure distribution, can be approximated by the semi-elliptical distribution obtained by
Hertz (6). There have beern numerous fatigue models presented, Popinceanu et al (7) compare a number of
these with experimental data. In practice it is found that under service conditions, bearings often
exhibit several different failure modes, and failure times differ greatly from those predicted by
classical inalysis.

The presence of bi-modal effects seen in many of the published Weibull distributions for rolling
contact fatigue, implies that there are at least two competing fatigue mechanisms. Sayles and
Macpherson (8) and Harries et al (9) suggested that a bi-modal mechanism, can be accounted for by
linridering serace, and sub-urface, crack initiation. oayles and Macpherson (8) correlated early
cife roller bearing fatigue with the level of contccination present in the lubricant and an imrtant
conclusion from their work was that it is not the continued presence of debris in the lubricant, but
the initial damage to the be ,ing surface, that leads to failure.4

Figure a shows a three dimensional surface plot of a bearing surface taorn from one of the test
specimens used in (M). The surface damage from the 'rolled Ic' debris in obvious. Evidence suggests
that such defects are responsible for many of tne failures in rolling otacts and a great deal if
research is in hand to understand the mechanisms involvi1.

One of the essential aspects of this probl er i *rrstinling tht irfl icrl., of ouc:h lefecta on th.-
c-esure distribution and film thickness within a Hrtzi in rth. bong Knali (10) have solved
te governing coupled ehd equation, for line cntat, with a mthematlically ilelised furrow or

i3perity, and Wedeven (11) has used an opt: al end trot macnine to me sure leparture from the ci3sl a

bHD) condit Ins, caused by a debris Initiaterd dent, hut -o date, no .ompi etc solution of the prbl'm haa
teen put forward. The authors nave devised a n,=ri a technilque, which allows caiculation of the
nrmai cont act pressures for a rol icr (iadi agaira:t any aurface profile. Th computee program
Involved solvs the genera! 2-dimensionail Iry costar'h probl m, nut differs from previcus work as it
Incorporates a spcpial med algorithm to cope with real omoh rfacei, and herefore i(llOw the apparent

cntact area to -con at of many interelated ontat spots.



little to do with the g )r.'ct.n of nod lubricant films. With this problem in mind, the window must
concentrato attention on toe snort sptial festures which can penetrate the ehd film and le-d to
problems such as excessive plastic deformation, noise, reduced fatigue lives and scuffing.

Filters

Having defined the "window" or spatial range of roughness involved in a particular problem both
analogue and digital filters can be employed for pre-analysis processing, but in general digital
filters are the most useful. Many digital filters exist, the majority being defined as analogues of

real time filters and designed for harmonic analysis where a known frequency response is required.
Filters like this often suffer from phase-distortion although this has been overcome in some cases when
formulating the digital analogues (Whitehouse (1968)1.

The earliest digital filters used for surface analysis were the moving average type (Whitehouse and
Reason (1965)) where a chosen length, say the nominal conatact length, Is moved across the surface
profile averaging over the length to generate the low-pass output. The high pass output being simply
the difference between that and the original profile. Such filters have an obvious advantage as they
simulate quite closely the action of components in nominal contact and relative motion. A disadvantage
of such filters is that their characteristics cannot be defined without knowledge of the input signal;
however, filters of this type are simple and fast in operation. Typical examples of the output from A
cubic spline averaging filter encorporated in the topography analysis software TPROFK are shown in

Figure 6.

SOME EXAMPLES OF TOPOGRAPHY MEASUREMENI AND ANALYSIS

Through several examples we will show how surface mrtrology can offer a detailed insight into many
aspects of gear and rolling element bearing quality and production. The examples are chosen firstly to
make use of the techniques we have described, and secondly to show how disparate scales of size can be

treated in similar ways.

DIMENSION AND TOLERANCE

It has been well known for many years that the tolerance of machined components must be increased
with component size. The reasons for this are never clearly defined although in BS4500 (1969) It is
stated that to some extent this can be explained by an increased difficulty in manufacture. Thermal
expansion effects must also be considered as these increase with component size, but are generally
small in relation to tolerance with components below 50Omm diameter. BS4500 gives empirical laws which
relate tolerance to diameter and it is quoted that these relationships are derived from "extensive
practical investigations", but the fundamental reasons why this should be so are still somewhat
obscure. As an example, a 3cm diameter shaft, produced on say a lathe, would be associated with
tolerance under the ITIO grade of 4um, whereas the same machine and tolerance grade allows a 25cm

shaft, 84um.

Section 1.6 of BS4500 suggests that geometry, form and surface texture must also be considered in
some circumstances. We would suggest that this is the principal reason why tolerance is necesary. The
increase in difficulties in manufacture with component size stated as a reason by BS500 is simply
another way of stating that all surfaces exhibit a broad bandwidth of surface features, and that as the
snze increases, the number of wavelengths of potential surface geometric errors also increase.

With random long-wavelength variations in topography, which are outsid, the bandwidth associated
with the small scale mnchinisg mirks, Sayles and Thomas (1975) have s3nown that many urfaces exhibit an

icresing rougheas with length wicr follows a common law of,

I = krt), (1)

wbere o Is tow r,3 , is th lIength or the surface and k is cile'l the "topothesy" and is a
rnstart for a given sorfac' 1 . In Figure 7 this equation is iddIJ to '.n' small scale mlhining
re oghswss 'fl and plr, ted igaisot toe' empirical equations glverning toleran " grades IT5-1 or BS" oO
sic to K Omm. Th'- P-i' r r Rqt is)d toe topothesy are eh)aen 0 3 that thc clrves overlap, however the
oi w, isel ro, t yp i -f in aver-i9e gro ind sirfso,-. The fact that th.- uoves do overlap is

unimyprtant other tnin i- provi Inc th test way )f comp;ring the trends.

The agreement in trenl is s'priingl y good ever to the e-utnt of anticipating tolerances
relainmeent above ')Comm arll given ty v separate, equition in eS-aico which is snwn by the dashed line.
the figure lemonstrate that for a given toler ince grade, to miintain a constant grade of fit, we are
Increasing the tolerince in the same way -is th" urface topograhy is chan ing. In other words we are

maintaining the same relitive sarface interfaw coNIltI ns.

From a production engineering point of view Eqiatlon I can b onsilered it two different levels.
Firstly it gives us an insight into th, way in whichl the. inr=- sv in toleranc, is linked to sze; an
empirical fact which has long been ntbhlii-eni ind tak,, for granted. Seeond4ly, an' on a more
practical level, it can provide the pr't--n erglneer wlth a mens -of monitoring trh -ondition of a
m-so I ne. We know that machine- pro'! icing tn- sime componweta can gonerito differ-,inog viliaw of n, and
toeref ore k is a good o,, isr- f m r-ni ow - cdi tn and w, vromnent . fh,,s In lem mtettInc that the
topothensy a can 3,w relate-! t 'ias of to-rtow q, It seems pclible t, -lasify nir e, 1raIlty in

,ms of its ahi Ity to r, i'.' ompo-nta wl tri I c n tle rin'-
, 
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ar -zi, w- . m gn 'his - will consider ill aspects or ssaf r- mtrol )y; fro i
telai -c- r-i a-n' )n err-or, tolerance and component si~e tnrosgn i rg f
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I . ' oio inp 1 'ee' -- r t- imme nd o irf ace fish~ are regarded as the esseintla I r i Ii t y

ne-n-' s , t00c r t".gn-t sdimons tne joarnal generates a nydrodynanac oil filn uCt a
a n' 5 is nv r of tnr tearing circunference andl tee oil funm thiceness con be affected by tte

,rn Dvs"" In, arc of contact 0-staining the load. Tbierefsre specificatron at tre
i'mr- atoeracOC <in snip satisfy pint of tnt geometrical requirement. In tnis respect we 050

;ia*' t- -- 31_'satJ 3tl vali1d cuanPie of three an' five point lobing giving a constaint i rneter .
s-n w~ e o LI ge' s-ca i snaft to run freeip in a bearing, its ability to generate an adeqas1,te? oil

m -alt IA" i n do..bt and t he -3esiing probl em of v ibr at ion woul d almost certai nly IeaO

Tr, m trnaaem'nt of srface finish can be enitloised for completely the opposite reasons. All
,irfi? ianrng instruments employ some form of meter cut-off (the necessity for tnis will be
,is asS-l ls'er)l Bd 773-i woald recommend! a 0j.5mm est-off, i.e. variutiono in suniace heignt occurring
a-r Ja' in-is in the plane of the sarface, greater than 0.8mm would be ignored in the noagnsai
a" -n-ip' for very snail snafts the width of tnt oil film would be mamp tines greater than 0,.3mm

cn sonseduene tne roughmess neasared cowld be of only secondary importance to the functioan. Tine
iut-oft we apply snould ideally be of similar Oimenidns to the -width of the oil filn, than enynedsng

tee oagneo ovn tn fsl rngeto nighlight were intimate surface contact, and as a cc nscdseno-.

ge-in, tatilgue and other surf ace proti emsi ore 1liselyp to oo.un

"yla JdE f 5 N' AND ANinYI cl.

To achieve tnis fare of anal pSis tnrough re-sorenn we -vvat _acesi In r * geometry and sunface
finisn Is tnt cams, problem, 'hey _-an never be divorced ins ntlagy. tneir terminology simply cmnanges
the scale of emynool s to different aspects at tne ourfac-e topograpty . Ta gala insight, throagh Sert:led
sortoc-e evamlnaticnsi we east first collect a record of tine axifact. Tnt cmyater leased system
developed! a' lmperiail d,_igi is a.'line'lI Figurei 1, and ,o -st3, -- actile surftace measanilgg
edil;Poer, Wnr'e in o- Ihi ot anlien cona-n- ron ni i ri taieaot-es, and connectrI to a
fP71/2- computer. -hie- nu- -<on vert'0 'i- n al ig- signal fran tne inatnannent being sar dinlt - a

digt irn-and -'-''nahinnrn t'i Th 5- 3jte )f -sr-,i 'nasraing is Snt to ensure t!. uil r tee

r esi a u t i w rebsui re (form * e a aMp)Ii '5, inhr' !'n5 4i nio- n- 'we,,n i,,n dAi g i t in9eS oril nit es op to

toe to's 'Si'o meg'- 1 tI 
t
e-' 3aigna i stonrig ni u ,raje on'> 'm1.redI r co)r d of tne soarts-ca,

7nA I-L a ,,j ini - ~ i a'rir - lc'-g'- cwmn'-ns between -'N-i and- -01d,
ati et repno--i '' i-ftcr- 3g-ii!t~ 'h-e ii -mn ry an il tr ivcraing is complete. TbiSt

cante a'-l I; n t t ' ',-1ir! -, in tA""'-n it aret on -ianu tiles as A permanent nee-ond
ta to ,nn r in-I,' i3 ril P -- in_- s t -l)lf m o contocft the amplifried
ai-ta pr -i- r I- xc i y 1 ntlatn 0t. tnt webs'> nn's - (Figureo.

In sips

Teen, :,ern -IT i '''a i f wayi i! whi-n 'ai af ot - feorn reprenFetimg a cintiesoan.
t-,e r ill JOT 'an-"i t " -11'. j , TIl I an-wan tnn cOlon options ivaillabl tnrough
t- n 1-1 " 'Y' d -c'r am -f ' I n'' s or rn serfs- - n-1lgg renear n . 1h mted computer

it Lan sI ia -j. nj J 1r fort n, iarn The dal, con tn-b read
,h 1 n t rnel . ir 7 farrner software, any of teje redaired fanctions

thee-n lilk- in, tnhe- f l ta- 'he ~ n ,.jo dramn plotter as a permanient reco-rd.

1. 1 5'er"'',- A0 de'l p-1 mn n-a'sir- otw- r specIil applies~jicno (ne enanple is
te ili I,.n f -1t co' , ,e a '''-nw--,n'x tw n n-r -m v T-inel art,,eta. eelsi i r Airlysedsat>

i-f1,iti- nt- 'etmin-l w'' i n'i-- rr' tht effect if finishing -nc productionr
an'nn in! pr, In-pitir-'n pgurl . A uten exaimple

s-;s' nine ,t~~ ""In's-, t r n-na i-rn . Figanna a anI') _- on-owsoe nialtn
tner aif'wi- w e-'v, 1.-- in' I,, '~ - , In'" i si o in I prodre -retor maps .- sunf,,es -

-h- Nee'I f-r Fi'l-ring

T> ign) i.t thl 3 paper w- wil ca :-naldlen roaghn'-e i - ! a -. at tn we, 1 s nt get tnpr-nrl:o'
ioeprtei asiee can t vln-wn ir i- ge iwin- wh l t del n ten spatia ice -f

ajf ini"-rpertlen inflanming the problem., Onr --Xmp- h-- very shon'. w--ningtn raughnens featiJren
in i rllnr bearing tans little intll ieec. 0 r, ' t-i 1---, teleace t i, 10minly ainnitiv to long

wrnl-gt r iiann lv farm andl ci f---n 'ons--l y 5-h1 l-tg wafeeglb tea'. me havce
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SUMMARY

The role of surface roughness in rolling and rolling and sliding contacts is examined in the light
of present concepts and ideas. Examples of the influence of roughness, and the important

characteristics of this roughness, are drawn from helicopter transmission and rolling bearing research

at Imperial College, London.

The important influence of geometry and roughness in tribologlcal problems has been accepted for
many years but only limited progress has been made in understanding the exact mechanisms involved and

incorporating this knowledge into surface finishing processes designed to improve performance. This

paper presents an approach to surface topography measurement and analysis which allows many of these

problems to be examined in great detail. Examples of the approach are presented for several

tribological problems including dimensional tolerance, rolling contact noise, and fatigue life, and in

each case the character of the important range and size of surface roughness features is identified in

terms of its Influence on the specific problem under examination.

INTRODUCTION

The Need for Surface Metrology

The functional relationship of engineering components in an assembly is defined ultimately by the
closeness to which the intended geometry Is realised. Any concept embodied in an engineering drawing

can only be approached in practice through controlling the accuracy of production and the means by

which it is measured.

The ability to create and measure to required degrees of accuracy is a corner stone of mechanical

engineering which Joseph Whitworth, in his Presidential address to the Institute of Mechanical

Engineers in 1856 recognised in the following way;

"I would next call your special attention to the vast importance of attending to the

two great elements in constructive mesnanics, namely, the trae plane and the power of

measurement

Having recognised tn- power of measurement, Whitworth went on to say:

"I nope the members of this Institution will join me In doing what we can with
reference to these two important subject: - correct measurement, and its corollary
proper graduation of size. The want of more correct measurement seems to pervade
everything."

The reasonings underlining Whitwortn's statements on geometry and dimension are as valid today as
they were in his time. The sound basis which Whitworth and others liue him set down has enabled the
mechanical engineer to achieve a continuous increase in the accuracy and precision of manufacture and

measurement.

Recause of this, todays engineer Is able to impose limits on geometry and dimension in a mass
production environment which would nave been unobtainable in Whltworths time. With modern
rahsislons anO engine systems rolling element bearings are commonplace, millions of sach bearings

ire produced every month in the UK alone, and yet the unit talked about for general bearing tolerances

is tentn of thousandths ofr an inch (2.5um with younger engineers); rolling element tolerance and
geometry g) down i frther decade to variations in the order of 0.25,,m, id surface finishes take us
even farther down the scale; roughness measurements specified to less than O.025pm (less than 1
microlnch) ire commonplace. The difficulty and uncertainty in making measurements of this order is to
Or pprecjted by the fact that the coefficient of thermal expansion of steel Is about 0.012m/mm/°C.

in the sonse 'ha' metr>iogy is orc-rn-l with precision measurement it implies an attempt to assess

tie -- e vli" of 'e" mg:'it de. It is, or at least it should be intimately bound up with t)th the
source -,f the problem - , wot is to be measured. to know an,' to discipline the inevitable

,ir -"'viotse If 'no s' "'sos! - aod toe ase that in to be made of the answer; It is not a subject to be

til,, i-,toa !l tn. A corollary of the above thesis is that, put in proper prospective, surface
tr I/ I is d3isgr.": t genorte insight from measurement: it is to bring into prominence and describe

t ne ft ,rea'riatae msT ignifi-nt in relation to the application in qauetion.

it i i it ,i' , *"ii pap.!r will sh)w how -omp,ater controlled s -rf,?' srt I-pp 'ch5nique in

p ffr ,,tin:rc tc -etrorogi 'l prflheo, hot t, gralo oiprjh! i cr, " otr '



Author's Reply
D~r Blok is exactly rig~ht in his suggestiont that a detailed accounting of all theoretical estimations of power liss should he
carried out. IThe basis of this accounting is alrcad in the literature (Rels 3-7) and in the refereinces list heloss. Iliere
are some unansv. red cluestions about friction (traction)f effects and also more theoretical "sork on poss r los. of spiral
bes el gears needs to be worked out. lDr lBlok has gisen uts the last two relerences swhich will be %cry helpful.

-Anderson, N. and Loewenthal. S.H.: "Efficiency of Non-Standard and I ligh Conitact Ratio Involute Spur (tears"

ASNIF paper 84-I-hf- 171.

- Anderson. N.: I .isseithal. S.F1I. and Black. ii).: -An ,\nalvtical Method ito Predict I ficicnc i:N of\ircrall
(iearbioxc, NA\SA FM Si37 16,(t SAAVS('OM TR 84-c-S).

- Parker. R.I.: ( i inparisisn iif Predicted aiid Ex perineria -1hernial Perfoirmntice sit Aingular ( iiiact liall
Bearings- NASA! P11 2275. Feb 1984.

Bliik. FEI: IIs drud * mriic Effleets, on Frictiiii in Riillinig with Slippage": Pri c. S~tnp. oi "Riilling, (ontact

Phenomena, ora Ggdb eneral kiitiir ( iurp. in 19 1., and edited by .IFIidisell: Ilsesier PubI. Coi.,
*\nisterdamr. Hoi lland. I i

5
2:pages I sib243: disc.. page'vs 24.3-2i .

- lo~k. I I he I hermial Netwo irk letlii idor Predicting Bulk I etIoperatures in (ear I rainiisstiis-: Prioc. 7th
Round Ilable I iseus'iui ii Marine Reductiion (eiars. sueLid b SI Al - LA.-VA 1. A \ Itliiispaiig. Sus eden. Foir at
[renchi trutslatiiii cee. ItuLi tin No .S), pages 3--I 13. 0f Siici teCI dIudesC dvC rlidiitriv dc Ingrenage. I5 ruei
litautin. Paris - Xc. I taiivv



DISCUSSION

B.A.Sholler. UK
With fine ground surface finish, the maximum surf ace slope can he significatIs higher than thei measuring sty!I us IIp
slopes. Thus. the recorde~d information does niot truly. represent the small scale features. Could tire author cotsmment ,i
the sinificance of this

Authors Rep[ly
Flhe small scale features oin abraded surfaces can indeed posscs very high slopes and SEM pictures %% dl cottirm i this.
The Iulvstrf cannot icycuraitc]% record such features, part icularly if the scale of the feature or asperity is inl the order o
the st% hIs radius (usuatlls ibout 2 rm NN titl standard styli) or the slope of the feature exceeds tte si101ns aitgle I Usully1

N1 l irst, and proba bly mtist useful conmment is that such features arc usually too small to he of significance in mist
engttteerittg applicatiotis. I s iv thtis "t ith sonic reservations, ats I ktnii of sonic applications where tlte smiall scale teat ures
are imnportant. I fo%%wr x yr it mian' etngitteering applications, it is fair to say that( if a small slarp stylIns can plasticy
remove such fCaiturys unider it %cry snmall applied load (usu. y~ about 1001 mg). and hearitng iii mintd that such aspcrit ics
are often much Ion r it he ight than typical calculated lubricatit filtt thickntesses. thteit it is difficult to li fiiese thiei r thteir
significance in a real entgineering eniviroiinm.

J.Godston. US
[hec 5111 point pressure dist ribut uin discussed it the paper xx as attalytical. I loss dil yoiu nmeastire tire local pressures

deformities'. What size hearitngs gears %nere used iii your e~xperitients atid attalvsis?

Author's Reply
I he local asperity deforntatiotns were calculated via the elasticity relations based it each 2 tum element beitng subjected
to the appropriate level if unifiormt pressure. 1 lie experimental measurements iif the undefi rttted surfaces Aere taken
fritin groutnd surfaces, and xx til the debris indenttationi xx rk . friomt smtall riiller beitin racess ays (about I - I D)) shicli
had undergone soict running %kith otil conttaitnated with gtearboix necar debris. 'Ihis latter test allow~ed us it) oibtaini
sutrface profiles with real debris plastic itideitatiotis presetnt.
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I -INTRODUCTION

Lu vie d'un nScunivme est vouvent litnitse par den avaries de surface. L'objectif Icec papier
est de d4finir certains crit~ren qai pornettent duapprdcier la u6s~ritO dv fonctiovuenent do contact

hertzien lobrifi6 et le risque d avaries de sorfuce.

En premier lieu, len fanillen fondtnnentalov d'avuries de surface 'laos vs contacts lobhrifi~s
trhs charg~s seront pr4cis~ev. Ennocite, len nidh Ies th~oriqoes otilin~s poor ovalener le com-
portenent n~cuniqoe et len paramnbtres de fonctionnenont du contact seront d~finin. L'inportunce do
factearc d',chelle sera votie.

i'olio, 1'application de cette anoloe au. probl~ine d'endoesnagenentn den sorfaces de destores
.ogresg,.s vera discut6e.

11 - AVAJIIES DUI CONTACT HETZIKN LUBEIPIK

11.1. - Positiossdu problA~e

Sch6nat iqoeent on contact est coostitoft de Lrois corps: len. vol ides I et 2 et "n ilieo
in cliedoss 1-1o1 se rAi-nt Ia transinnios de la charge et I'adaptation des nitess

relatitoes 'otre I et 2, (Fig. I . Lorsque cc nil ion intercalaire ent an Ocoalenent flideovisqoeos it

ito" lesi, s lse dM.,rnt Alastiqseo..t sons 'effet des pressions dunn l'interface lv contact
est dit hcrczie lobrifiA et [e rdgine Olast,)ihvdrodvvanique. C'ent Io cos notannent poor l's
vgrenagen Ct 1ev roooenett s.

Si Ia hasteor noyenne den usplrit6s den mavsifs ent nuffisunte pour que den cootacto
directs existent, le r~gine est ninte. line unnlse n~casiqne Al'6chellv de ces nicro-contcto ent

s n,cesnairv

Des champs de contraintes, de d~fornatios et de tenp~ratnren ye d6veloppeot dons chacon
den milieon de cv contact,. In scet dvn au fonctionnemnst . Lu r6posse de ces milieus et en par-
ical ier den solI ides I et 2 condit iosne le boo fonct ivnnemnst do, mocunisme on len uvaries dv

o ifI c e.

11.2. - Avaries de surface

Len usuries de sorfuce dass lea contacts bertzjess en r~gisie 6iustobydrodynmiiqve ost fait

l'ob let d'nt.e ubondaste litt~ratsre 11,21. A titre d'esenple, I 'ACH.MA. d~fini 21 nodes de d6-

t~riorat ion den struvtsres d'engrenuge 31 . Toutefois, len ni~unnismes qai gousernent cen d~gra-
dations ne soot pus encore enti~renent esplicitins et Ia termnologie est inpr~cise. On distisgse

troin fasi I len fondaiest ales:

-len fatigues saperficiellen usuocitses aun effets sorisaun duos le contact,

-len vauren corriilfen ass ffets sonsau et tangent ies,
-len grippages reli~s ann effets9 tusgestiela et theriniques.

11.2.1. - Len fat igue. sperficiel len

Ellen upparaissest duns Is ease de fuible glissennent. Ellen nont de deanx types

- les uvutnus "profondes", appel~es 6cailles, Ispulls), sost den enl~ovents de auti~re de

qorlq-on nillin~tres9 earr~n de norfoce et de quvIques diuif'nen de millinb tres de profosdear,lFig.21.
a~ 11ie ilo -- i .m taci- g-..al , cis i--air e on ionuine netvm cicissqot'. vi en

aipparainnent birtalvisent apr-%s tnec incubation. Isn examsen uttestif nontre qn'vlles sost pr~cAd6ets par
l a crOot in d 'as r~neao d.o f issures . El len sntrvienseot duos den cost acts t rkn cbarg6n Stir Is afi gore
2, on ii

6 
erve one oscani ll ssvoeues%,ir dles nojrfaces -c cia I nt presqse par. (In renacqor outour do

certe Ocaille duottres ovaries de dimensions heunoiop pitsq faiblen.



- les avaries "nuperficielles", appeldes micro-deajllen, (micropits), aunt den eolL~vementn
de mat ihre de qoelcjues centiL~mes de millim !tren de -dtre et de profondeur, Pig.3. Ces dimensions
sont A l'6chelle de l'aapdrit#. L'incuhatiun eat plus courte que pour lea 4lcaills. Ellen nur-
viennent dana des contacts n~me peu chargda.

En taut que telles, cen micro-Ecaillea n'emplchent pan le funictionnesent de l'engrenage.
Par cuntre, elles acc~l,%reat Ia formation den 4cailles, 14,51. Ellen aunt donc dasgereuses.

11.2.2. - Les usures

Ellen apparaissent quelle qoc suit In valeur du glinsetnent. 11 s'agit d'ealtuent progres-
oil de notihre a l'Cchclle des oupdritds jsu de diffircots odcaoisncs :u"formation plastiqoc, abra-
sion, odlaision, osore chiniqoc, figures 4et 5, 16.7,.

11.2.3. - Len grippages

In apparataseot dana des zones de furl glinscment. Itas e manifeuteot par Ia fusion den
couches auperficiel Ins den massifa. In aunt acconpagads dd6minsion de funde et de bruit et
d'augmentation de Ia furce de fruttement, 18I. Its ddtruiscot Ia micro-gLum#tric des surfaces, aoire
I. gdusdtrie par des arrachements et den transferta ndtalliquen doun mansif 2k lautre, (Fig.6 et 7).
1, augmentation relative de Ia hauteur den unp~rita eat de l'ordre de I h 5. Lea grippagen nor-
vsennent toajourn brutalement. In soot relifs A In tempfraturc dana le contact et Ai Ia phys ic-
cliii do lobrifiant.

III - MotttIsanou NKc~MtoUE DU puC~tIKounT DOUN (DffACT UlRTZKN

INA.. - ftsitioms dur problame

Bans cette analyse scslI laspect n~caoiqne eat ahord6. Cependant, len aspects m~tal-
lurgiques et ahynicochimiquca ne aunt pan 4cartAs, main IfLtat physicochimique do contact a, aen.
large eat consid4r6 conme one condition aux limiten do prohbAme m~cunique. ILe foacionnenent do
contact lubrifid eat analyad en cunsieArant lea 1mmi 6l6sents suivants:

- Ia ndparation 00 6painneur noycane do film viaqueua lubrifiant, due sax caracrorintiques
de l'engrenement,

- le champ de contrainten induit en particul ier par Ia dOformution inponfe par Ia s-
parat ion,

- le champ de tenpdrature r~sultant de Ia dissipat ion dana le film afparateor.

111.2. - La separation

Dana an contact herrzien luhrifi4, len pressona soot suffisantes pour augmenter ]a
sascositSd do lubrifiant et pour d~lormer lea surfaces. Au cours den vingt derni~res ana0-en, de
nounhr-'uen 6tudes enp~rimentales et thLfuriquen oat montr6 qac

- on film d'huile d'Lpaisseur comprise entre 0,01 et I pa pest se former duos on contact
hertzien pour den gaimes de charge et de vitense tri's Atenidues,

- den thoturica analytiquen u nom~riquen pernettent de calculer cen films,
- Ia concordance entre lea ednultats eap~rimentaun et th~uriqucs9 eat eacellente.

Punisell ement, Ie contact eat d~crit par:
Sas g~um~tric, s cinfmatique et Ia charge trannise,
leI comport ement do lubrifiant, (thermo et pi~eoviaconitd),
-l'Oquat ion de l'6toul ement uu 6quation de Reynolds pour le film,
- lAquation de l'Olanticitd pour In d~formation den surfaces,
- lsquation de l~nergie dans lea diff~renta milieus pour Ie chap de t empfrature.

111.2.1. - Valeor dejas solparation

Hypotthosca : coul ement isotherme, surfaces lisnes, lubrifiant coraboodont.

Pour us contact cylindre infiniment lung, Pig.Sa, I A1painseur 
0
u film ou afparat iona

centre do contact eat donn~c par Ia relation de Downon et Ifigginson, 191

H 0.9Sf U 0.7 0o6 W-0.13 (1)

Pour on contact elliptiqac, Pig.Sh, l'4paisseur do film s centre do contact cat donnoc
par Ia relation de mroch et Benson, 1101

4 -IA511
0
)

6
7 r9053 W-0

0 6 7 
11I-o0.61lean(-o0.73 Kl (21

Dana ca expressiona, lea sariahles son dimenaiunsdea soot
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R. = (I/H. n t/R )-

H = (I/Hz + R

Len pararnltren sont ddfinin de la faqon nuinante

*o e es la visconitH dynantique duos I'entrpe du contact,
* I? 2 nont len nitennen de rouleniont duos Is direction x,

et H n2t H e t H soot respectinenent ion% rayons de courbure des surfaces I et 2
dans len directions n t ,z

* det Ia chargecnoroalo dann to contact,
*aents coefficient de pifzooincositO do lubrifiant,

Vpp) o Vpp) enp Io ,ip-pci

*E or F oet 21 soot respectivoment len nodules de Young et len coefficients de
Poisson den .nIsn.ifs jot 2

* h ont l'6painseor r~elle au centre do contact,
" Loost Ia longueur don cylindres, (scion o'.

enxeprensions I)e (2) ont 4tHl o~rifiolen esp~rioontulenent de noobreosen fois,
111-131. Loersror connoine entlinffrieore A 10%z.

111.2.2. - Hidnents pond~ruteurn do cette u~paration.

Dopoin ton approchen ci-dossun, ion effets de troin phdnooPncu onst OtO pr~cinles

A1 - teffet do l'Achaniffenent cuructdrisf par to coefficient do correction theroiqoc qo,
pronoque one dininut ion de Is s6 paration:

HT = ToH

Ce coefficient d4pend de Ia noono den vitonsen duons to contact, de I., c,,ndctiuitH4 therinique do
lobrifiant, de Ia viscosit4% et do Ia topruture absoiso N t'entrde do contact, 1141 . qa variat ion
entre 1 et 0.27 a Otg confirm~e enpdrinentaloeoent unec in.' pr~cinioon de 20 Z, 13, .

B- I offot den rogonitdo ddspend do Is alutr do outr huotoor et do lear orientation par
rapport non nitenses do roalomnt. It est caract~rinp par to facteur OP, tot quo

qsi pout narior entre 0.42 et 1.29. 116-I7l.

% - Iloffot do Ilal inintat ion en tubrifiont dfpond do Ia tonguour do donaine roopt i
d'huite, cent-A-dire do l'abncinno d'ontrdo. 11 ont caructgrisd par to factoor +A' tel 90 qu

HA = +AH

qoi pout sanier do 0.6 A 1.0, 1181.

Rn rds4d poor on contact roguoun I'Hpainneor diomennionn~e do Ia n~paration au centre do
contact ont donsole par Itoeprennion:I

' = X'T tR A H.

Typiqoonent el le sane do 0. 1 A 2 ~n

111.3. - Les coutraintes

T I fast introdoiro doun Hchet ten d'analyso 4 I ' image don tonguourn cuructoe tt lpm 1 ot
D 2 1(Fig.9i.

La promO~roe d inonniun DP o 9t ana logue A to aIong-,eo tot ilte dn cont act Imrt z %on 2a, filIe
d~co,jo do I a g~om~t rie globul e do cootac t o1 do Ia ch ar ge normnalo qo' I t r a uo t IAnn t o Ro
lsbr ifiH, I a thor,o te o Porte tonore opp c, ;,-.!,,, -. ! -I 4 .otra-n-en. in

Ls second. donno 3 14og, %c]t antaeAa og o soonne docnac , omoca, -
unp~rit dCf1,1 e Iun to c otjt r~) ieoI o ia -Aotri i o.,. nacooc %
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Cee deux dchelles eont analysablee edparesseent, 119,201.

a) -Analyse globale, echelleD1

L'approche globale & l'Ochelle D eat bies Connue, il elagit de lapproche hertzienne.
Elle peneet de calculer Ia dimension de l'airJ de contact, Is preesion maxmrale hertzxenne et lee
contraintee dans le massif.

Dans le cas d'un contact cylindrique de grande longucur L, suivant Oz. si b reprosente Ia
demi-largeur de Ia zone de contact eujoant Ox, il vient:

1 po = 21J/obL
b = (9Wr/IEL)

1
' et poor x 0 0mx ,

I max - max

b) - Analyse locale, dchelleD2

Loreque la s~paration moyeose h est plus petite que Is hauteur dee aopdrit4O, des
contacts locaux se produisent . La ddformIt ion des aspdrit~s qui en r~sulte eot impoede par
lea caractgristiques du film s~parateur, notamment a raideur, 1211. Socr lee aspdritds
d4form~es apparaissent den pressions eup4rieures A In preeeion globale hertziennc iinsi que
dee maxima secondairee de contraistee, nocamment des contraintee de cisaillement IA use
profondeur seneiblement D , Figl0) . Ces sur-contraintee Soot function do rapport de Ia
hauteur des asp~rit6:os 7 1 2a edparat ion 1 et du rayon de courbure moyce des aspdritds Sc
oc cot I a haute ur quadratique: coamposite etma pour valeur

a 2 .a2 112
c 1 2 1

C C t 02 6tant lee hauteurs quadratiques des rugosit~s dc chacune des surfaces I et 2.

c) - Analyse simuiltan~c.

Dens lee ec de fonctionnement cr,%s0 se, c'ent-h-dire loreque le rapport de rugosit4% a/h
eat tr !s supdrieur A I, lea longucure caract~riotiques D~ et 02 peucent Atr , du .sAme ordre d4
grandeur. Le rapport d'6cluelles D,/D, eat lid b Ia valeur mocn dcl2ereld otc

rapport~e A l'aice totale ou aepparente, l1 22,23j.

111.4. - Lea tepratures

La disipation due a. cinaillcmcnt de l'Lcoulemncnt do lubrifiont dons le conltact provuque
une augmentation de tempdrature dans le film et dans Is peau des massifs.

Diffdrentes 6tudes, 122,231 , out montrA que In tcspdrature maximale des surfaces des
massifs est donnd avec one prdcjsion suffisante (20 Z), par le concept de "flush temperature", '24'.

Tf = .6 fp( Or I 02 1 .jbV (5l 1ill ~1'2 2 2

oO) K1I, K 2, pl. p2, C, et C s ont respect isement len conduct ivitds, leo masses s;,Arifiqies ot leo
ch aleurs sp~cifiques des matd~riaux des massifs I et 2.

Ul et UI soot lee vitesses de roulenent ddcrites prdcdcssent,

p
1 
co apresion maximale hcrtzienne,
Ic ceficient de frottement,
coet Ia demi-largeur do contact dens le sens des vitesses.

La difficultdc essetielle cot Ia connaisance ou I 'opprociat on d -ieft ici,'nt I'
frottement f reel. A cc jour, il n'emiste pae de noyeo thdorique fiable pour calcite re -c ftefto
dc frottement . Une cop4 rimentatiun eat donc indispensable. Cependant, pour ,,e coxime AsAt.-
hydrodynamique des variat ions entre 0.02 et 0.06 oust caruct~ristiqucs diun f.,nc ti-neent tn--l.
Par ailleucs, At partir d'Otudes tr,%s rdccotec, des voleurs de I 'ordrc de 0.12 It 0.15 -et Ic signe
d'une ddfaillance de Ia coompooantc hydrodynamiqoe de In lubrificati,n.

Rn r~sund

Le nodflisation do fonctionneucot du contact conduit an classenent des parsantres
.Ecaniquea cm den catigories

- lea pareaftres qeui constituent l'dtat wftaniose du contact,
- lea pa~awbtrea de coportesent do contact.

Paraii lea priniera, rappelon.
- lea gdowEtriea dea mnaaaifs.
- lea wiResses d'entratnement et de rosuleent,
- a& charge nocuale tranismise,
- lee caracR~riatiquea physiques do lubrifiant et des sassife.



Parisi lea second.
- le rapport de, rago.itf a i/h,
- le rayon inyen de courbure lea aspritds Bc
- le rappc-t d'Acelle D/D ,
- Is vitesse de glissiment 0 -U
- Is presir. hertajean wasmlde p.
- I& tmprature mas imale T N, ou eioplement I'auagmntation de tmiprature T.

IV - PARAHVTRS SIGNIFICATIFS VIS-A-VIS DES AVARIS

IVA. - Position do problbe

Bien que lea nidcanismes d'avaries ne sojent pas encore enti~rement explicitds, ii est
possible de d~finir l'effet de certaina parametres nor tel o tel type d'avarie.

IV.2. - Fatigues superficielles

a) Ecaillage

Il ent bien connu qne l'dcaillage eat function de Ia pression hertzjenne inanisale p donc
de Ia contrainte de cjnaillement inanitale en noun-ronche. Toutefoja, len initiations noperfic&Ielle
soot lides anx conditions de lobrification, donc an rapport de rugoai to a /hm, 127,281.

b) Micro-dcaillage:

Le iciro-4caillage eat fonction oniqoetent do rapport de rogonit's a/h, 1201.

11 eninte en effet, deox niveaus d'initistion des anaries de fat igue soperficielle, le
nivean profond on hertzien clasnique et le nivean soperficiel. Poor I initiation profonde Ia
contrainte de cisailleinent nasintale ent le parasttre prdponddrant. Pour l'initiation superficielle,
le rapport de rugasit6 ent le param~tre essentiel. Ces deon niveana d'initiation gdn !rent ren-
pectivenient lea idcailles et les micro-4cailles. L'effet do rapport de rngositil nor l'6caillage eat
lid b l'intdraction des dens rdseaux de fissoration.

Len bornes den paratotren p et oc/ ne soot pan clairenent connoena. Cepeodant, Ia
presio hrtzene pnt tr jonc eeen T 6~re * lv/3 ob Hv est Ia duretd de Vickers. En

effet, le senil de d~fornation plantiqoe eat obtenu poor one prennion hertzienne toaxinale A Hv/3. En
ce qoi ronceroc ac/h, Ia valeor I signifie qo'en soyeone tonten len aspdritds subinseot one
d~flexion importante dans le contact et nont door I'objet de norpressions de contact tr~s dlevlies.

IV.3. Usures

Il n'exiate pan de critcre fiable concernant lunore. Cepeodant, il eat pronvii qne c'ent
one fonction croissante de Ia nitease de glissement U Fu 2, do coefficient de frott ent f et do
rapport de rugonitd a c/h , 161.

IV.4. - Grippage

De m~me qne poor Inusure, il n'exste pan de rritObres globaos poor le grippage. En effet,
il fant consid~rer sjmultandment dens aspectsa le fonctionnement mc~aniqne et le comportement
physiro-rhimique do contact.

a) Ponctionnenent n~canique. Den Otucles r~centes, tant th~oriqoes qu'exprimentales,
8,22,231, montrent qoe Ia condition n~cessaire an grippage ent qne le rapport d'6chelle D 2/'l tende
oer I.

b) Comportement phyiico-chinique. Diff~renten Otodes ont proun que laction physic.-
rhimique en surface Pt clans le lubrifiant sront li jeq A Ia tenp~rature manimale dans le contact,
ronvenablenent repr~sent~e par l'approrhe de Blnk !8.261.

V - APPLICATION ADZ AVARIES DE SURFACE bANS LEKS MNRENACS

L'appl irat inn de Ia proc~dure ci-dessos acts surfaces de denture eat toot A fait possible.
Cependant, decin difficoltiis sp~cificluen doivent Atre stirmont~es :Ia va-at ion de certains pa-
ram~tres de l'Atat nilcaniqie lv long de l'engrenent et Ia n~cessiti! de Ilappr~riatinn expA-
rinentale de certain, d'estre ens.

V.I . - Parsatres de I 'Atat iadcanigue le long de I 'eagrenement

tn chaque pocint de ret engrenenent, len gdotndtries et len vitennes den surfaces de
dentures ainsi pe la charge trasnise narient. 11 a Oti! montr6 qoc pour den engrenages cylindriques
A ase- parall~tles, on pecnt repr~senter -c point donn de l'engrenenent en r~gise permanent par le
cocntact entre dens, cylindren d'anes parall~lei nunis des meses charges, R~ometries et nitensieft,
29C, FiR.lI Non- citilineruns cette simuilation ponr tine analyse point par point.



Les parambtres de comportement do contact seront done analysss pour un certain nombre de
points de l'engrenement A partir de Ia connaissance en ces mmes points des paramitres constituant
I'Stat m~canique. Gfn~ralement, n choisit cinq points :

T-1  premier point de I'engrenement en pied de pignon avec deux couples de dents en
prise,

T"I  point de transition entre pied de pignon et primitif,de deux h on couple de dents
en prise, Ia charge normale 6tant suppos~e transmise par on seul couple de dents,

I z point de contact confondu avec le primitif,
ST"2  po int de transition entre primitif et somnet de pignon, de on A deux couples de

dents en prise, ici encore Ia charge normale eat supposae transmise par on seul
couple de dents,

T' 2 dernier point de l'engrenement so sonnet do pignon avec deux couples de dents en
prime.

Si len surfaces de denture prsentont des corrections longitudinales, (bateaum), le
contact sera considsrd come elliptique.

V.2. - Approche experiaentale

L'Atat mOcanique Atant connu, deux difficultfes demeurent : l'appr6ciation do coefficient
de frottement f et do rapport d'6chelle D2/'DI rets.

a) Dano on engrenement il est difficile de connattre le coefficient de frottenent, en
particulier A partir de la mesure de Ia puissance dissip~e. Cependant, nous avons d~jA notS qu'en
r~gime 6lastohydrodynamique des variations entre 0.01 et 0.06 sont caract~ristiques d'un fonc-
tionnement normal, y compris pour des rapports de rugosit~s sup~rieur A 1, 1221. Au contrairo, des
valeurs de 0.12 A 0.15 sont typiques d'un mauvais fonctionnement hydrodynamique.

b) Le rapport d'Schelle D,/D1 ne peut pas @tre connu A priori. Son apprdciation ncessite
one analyse fine de ]a micro-gOomtrie des surfaces et surtout de leur 6volution so cours do
fonctionnement, donc suppose one d6marche expOrimentale.

VI - Conclusions

I - Les avaries de surface de contact Slastohydrodynamique rugueux appartiennent A trois
families : lea fatigues superficielles, les usures et le grippage. L'importance de ['Schelle
d'analyse ent rappele.

2 - Ces avaries sont associ~es A des effets normaun, tangentiels et thermiques dans le
contact qui constituent le paranbtres de comportement ou significatifs dii contact. Les moyens pour
lea quantifier A partir de I'stat mocanique sont nrdsent~s.

3 - Les relat ions entre ces avaries et ces paramntres sent rappelles. Plus particu-
librement I 'importance du rapport d'6chelle eat notre. En bref, des liens soot Stablis entre

le rapport de rugositA et le micro-Ocaillage,
Ia pression hertzienne maximale et I'Acaillage et to d~formation plastique,
te rapport d'Ochelle, ['augmentation de tempOrature et le grippage.

4 - Len difficult~es pour appliquer cette analyse A I'engrenement soot soolignoes.

5 - Le concepteur dispose alors de crithres objectifs pour apprecier le comportement d'un
contact Olastohydrodynmnique rugueooi par exemple dans le cas des roulements et des engrenages.
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The case of diffusion of sulfur has also been experimentally observed [10) and it is stated that "both
the maximum sulfur concentration and the degree of sulfur penetration increase with load." The effective-
ness of the lubricants containing sulfur, in the sense of reducing wear and seizure of steel, has thus
been correlated with the formation of surface layers of iron sulfide under loading.

The opposite of passivation could also occur as in hydrogen embrittlement by liquid-metal atoms (e.g.,

mercury) diffusing into the metal. Again we note that the initial defect structure of the surface plays a

major role. A case in point is the observation that pitting resulted only if there were defect struc-
tures on the surface to begin with. This observation supports the hypothesis that the chemostress effect
is taking place at crack tips as well as in the diffusion of sulfur into a thin layer near the surface
under stress. Whether passivation or crack propagation will occur is mainly determined by the chemical
specificity of the diffusing ion or atom. Associated with this specificity are the volumetric changes
that will occur in compound formation. Baskes and Holdbrook [13) have recently pointed out that
volumetric changes should be taken into account in models for blistering. When the "compounds" formed
within the metal are such that significantly large volumetric changes occur, this in turn intensifies the
chemostress effect leading to an avalanche process. This picture is consistent with the rather contro-
versial phenomenon of anomalously high rates of diffusion under mechanical stress [14).

CONCLUSIONS

We have shown that the migration of specific impurity ions in the lubricant to the metal-lubricant
interface and into the metal are governed by the zeta potential, the Gouy effect, the chemostress effect,
the initial defect structure of the metal surface layers and the nature of diffusion within these layers.
The migration of these specific ions is always governed by the chemical potential gradient in the par-
ticular local environment. We have shown that the Gouy and chemostress effects can act synergistically to
accelerate this migration process which leads to the reduction of cohesive forces in some instances
depending upon the specific chemical bonds involved. Volumetric changes in the metal surface layers
accompanying this process would then lead to blistering or pitting.
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Solomon [12) states: "The most interesting case I had published dealt with a mandrel; severe pitting
occurred in the zone of highest pressure (on the neck of the mandrel) when structure defect existed (owing
to an incorrect heat treatment), whereas no damage was observed with mandrels from the same supplier
without structure defects. This happened on the same machine under quite identical working conditions."
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In all the above considerations we should distinguish between two types of impurity ions in the
electrolyte solution: one that reduces the zeta potential to zero and one that migrates to the crack tip
when the zeta potential is made zero, although in some cases the two types could be identical. This
separation is not a mere convenience as we shall see when we discuss the physical forces that control the
dynamics of the system. That the two are intertwined, however, was known by Stern [3J who assumed that
apart from the electrostatic and thermal forces adsorptive forces were also acting on the ions. We now
know that physisorptive (van der Waals) and chemisorptive forces act on these ions. There is also an
augmentation of the adsorptive forces which has not been considered before and which we call the chemo-
stress effect [4-7].

The central point is that the electrostatic forces between the ions are long range and therefore the
presence of a given ion significantly affects the distribution of other ions. As a result virial-type
expansions cannot be performed as in the case of imperfect gases. It was this point that led Debye and
Huckel to develop a theory using the Poisson-Boltzmann equation. In fact, the virial expansion fails
(divergences result) for potentials that fall off slower than the fourth power of the distance. In

contrast, the van der Waals interaction falls off very rapidly, as (distance)-
6
, so that an Ursell-

Mayer-type virial expansion, which is used for example to obtain the equation of state of a gas, does not
create divergence problems. A significant point of this discussion for the present problem is that owing
to the long range of the electrostatic forces there is a net repulsive force between two charged particles
of like charge or between colloidal particles of the same type carrying the same charge since the halo of
opposite charges that neutralizes the given charges on a given colloidal particle extends very far owing
to the long range of the forces. There is thus a balance between the attractive van der Waals force and
the repulsive electrostatic forces and agglomeration results. The same phenomenon would occur between
adsorbate ions or colloidal particles and the metal surface when the zeta potential of the metal is
reduced to zero. It can be shown in detail, using a theorem of electrostatics, that agglomeration results
only when the zeta potential is zero and not when the zeta potential is either negative or positive. Thus
a significant amount of ion migration to the metal surface and its subsequent diffusion into the metal
occur only when the zeta potential is reduced to zero.

We have mentioned earlier that the fundamental quantity in our theory is the chemical potential of the
second kind of impurity ion, such as an oxygen or a sulfur ion, and that this chemical potential will be
position dependent and thereby cause migration. The fundamental quantity that causes diffusion is not the
concentration gradient [8]. For weak electrolytes Debye-Huckel theory gives an explicit expression [9]
for the chemical potential .i of an ion: ."t_. <'> ; Y -, a- o

where i is the activity coefficient of the ith ion, I is twice the ionic strength, zie is the charge on

the ith ion and e is the charge on a proton.

The activity coefficient yi thus depends upon the long-range interaction forces that act upon the ith

ion and this makes the determination of Pi for the more complicated charge distribution (which we are

discussing) around the given ion rather difficult. In short this becomes a rather complex many-body
problem. Beyond this complexity we shall need to consider the chemostress effect which complicates the
theoretical determination of ,i even further. It is for these reasons that at present an analytical

formulation completely based on first principles and solution of the problem using quantum statistical
mechanics is out of the question. Rather the problem must be broken down into coherent parts so that
after the establishment of valid phenomenological parameters we could perhaps perform calculations of
molecular dynamics to follow the migration and rearrangement of ions.

More specifically, the theoretical demonstration of the existence of a gradient toward the surface of
the chemical potential of an ion in an electrolyte with and/or without the Helmholtz-Gouy-Chapman charge
layer for the metal surface is a non-trivial problem of theoretical physics. Even so, the phenomenologi-
cal description given earlier which is based on experimental findings, doe; provide a sufficient rational
basis on which to build our model. The role of such a phenomenological theory becomes clear when it is
realized that in the not so distant future molecular dynamics calculation, could be performed to follow
the actual migration of the ions utilizing the parameters that are arrived at by the phenomenological
theory.

We now d'scuss the role of the second major effect, i.e., the chemostress effect. When an ion or a
neutral atom or particle is sufficiently near the metal surface, i.e., )f the order of a few atomic radii,
near a crack tip, the chemostres effect becomes very strong owing to the high stress concentration factors

of about 103 that exist there. We have shown [44 J that the chemical potential of the adsorbate changes

appreciably; this change is given by A where AV is the change in the local volume at the

crack tips owing to change of stress in the solid per 10 kbar pressure change. Although the calculation
was done for NaCl substrates, a similar result is obtained for metals. When the zeta potential is brought
to zero by impurity ions, tenacious adsorptive binding to or agglomeration with the metal substrate
results. However, the chemostress effect will ensure that the adsorbate is preferentially attracted to
the crack tips and in addition it will also cause a stronger (because of a deeper potential) binding and
may induce chemisorptive binding so that electron sharing would take place. It is therefore to be
expected that the chemical bonds of the atoms of the metal near the surface would change resulting in a
change in the cohesive forces and oxidation rates [10].

We now consider the diffusion of the impurity ion into the metal starting at the crack tip; it must be
pointed out that the present argument is not necessarily confined to the existence of a crack tip at the
surface of the solid, for indeed imperfections which have been well studied such as asperities, steps,
voids, dislocations, and interstitials would also change the adatom-solid interaction potentials and high
stress concentrations would exist in the vicinity of these imperfections.
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least locally, bearing dissociated ions. It has been shown elsewhere that electrostatic charges can

exist in the lubricant.

In addition to these ions, particulate matter will be worn off in the form of the metal and its
compounds such as oxides, and bubbles will also be present. All these additonal impurities can act as
colloidal particles in the electrolyte solution. Once free ions are formed within the lubricant, they can
migrate to the surface of the metal forming the well-known Helmholtz-Gouy-Chapman layer of electrical
charge distribution at and near the lubricant-metal boundary, which is shown schematically in Fig. 1 in a
simplified form (for a more detailed representation of this layer with specifically aasorbed ions see
Figs. 2, 3, and 4).

The so-called "zeta potential" is the potential due to the outer diffuse layer of the distribution,
i.e., the Gouy-Chapman layer. We note that there is a zeta potential for both the colloidal partiJles
dispersed in the electrolyte, and those present at the metal-electrolyte interface. Furthermore, the zeta
potential of the colloidal particles can be positive or negative, as Table 1 shows.

TABLE 1

Zeta potentials for colloidal particles dispersed in pure water

Dispersed phase Zeta potential

FeO 3  +0.044
Ir;n +0.028
Oil (emulsion) -0.046
Air bubbles -0.058

It is important to note that the zeta potentials for Fe203 and oil (emulsion) have about the same

value but opposite signs so that it is possible that certain combination of colloidal particles when
intermixed could give an effective overall zeta potential of zero at a distance from that combination of
colloidal particles.

What is important for the present analysis is the experimental observation of Powis which showed that
the zeta potential C of colloidal particles is dramatically affected by the addition of certain impurity
ions (salts); the zeta potential of oil drops in water was measured by measuring the velocity of the
colloidal particle (oil) under the influyece of an externally applied electric field E, i.e., the

electrophoretic velocity v given byV 'where E is the applied electric field, c is the dielectric

constant, , is the viscosity and a a parameter which is (4,)
" 1 

for cylindrical colloidal particles and

(6r)
-1 

for spherical colloidal particles. The data of Powis which are shown in Fig. 5 combined with eqn.
(1) indicate clearly that the zeta potential can be made zero by the addition of certain impurity ions.

The above observation becomes even more significant when combined with the following experimental
observation by Gouy [1] that the maximum of the electrocapillary curve is reduced by the presence of
certain ions in the electrolyte solution, as shown in Fig. 3 where y is the surface tension and E is the
applied electromotive force (the applied voltage). This is so since by the Lipmann-Helmholtz equation

a X = _IN 
where a' is the charge on the metal near its surface. This equation implies that at the maximum of the
electrocapillary curve a' 

= 
0 and therefore all the other charges are also neutralized or depolarized,

i.e., the zeta potential is also zero. Before delving into an explanation of these observations we need
to add to them a third observation: when the zeta potential of the colloidal particles is brought to a
zero value (as measured by the electrophoretic velocity) agglomeration of the colloidal particles results.
Numerous experiments, e.g., by Riddick (2], in recent years have reaffirmed this observation. We shall
dwell on the physical forces which cause the agglomeration as it is an important part of our modfl but
before doing that let us combine these three experimental observations. Since there is also a zeta
potential for the charge distribution at the metal-electrolyte interface, the addition of impurity ions
could bring this zeta potential to a zero value and agglomeration of certain ions or charged colloidal
particles could then occur with the metal; at the same time c' and the surface tension could be reduced to
zero. In the case of a liquid metal, a reduction of surface tension is just the reduction of cohesive
forces between the atoms of liquid metals such as mercury since it can be obcerved directly in an electro-
capillary experiment. However, there is no doubt that the fundamental quantity, i.e., the cohesive force,
does exist in both liquid and solid metals (of course of different magnitudes) leading in both cases to a
surface free energy. In fact within metal alloys the surface tension at gra

t
n boundaries is perhaps the

fundamental quantity determining the size of the grains and therefore the mechanical properties of the
metal. Again if we were to go so far as to allow motion of ions as opposed to electrons in the metal as
charge rearrangements occur owing to the reduction of the zeta potential to zero at the electrolyte side
of the metal-electrolyte boundary, then it is not surprising to find that the surface free energy or the
surface tension would be altered; thus it is intuitively clear that there is an analogue of the Gouy
effect even for solid metals.

Solomon [6] refers to "the Report of the Research team of the Boeing Company dealing with pitting
observed on the outlet valve of the HP hydraulic systems in the Aircraft." He says "They had proven the
existence of electrostatic charges.
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-SUMMARY

A theory of chemo-mechanical interaction is developed to explain several disparate phenc'iena in the
field of tribology on a quantitative basis. The important new quantity in this theory is the variation of
the Gibbs chemical potential with stress, a quantity formulated and calculated explicitly using statisti-
cal thermodynamics and many-body theory, called the chemo-stress coefficient. The theory gives the basis
for quantitative explanation of stress corrosion, fretting corrosion, the Rehbinder effect, and enhanced
chemical activity on solid surfaces. In particular it suggests methods of arresting corrosion by con-
trolling the charge distribution of electrolytes near the surface of the solid. A mechanism for pitting
corrosion observed on lubricated load bearing surfaces of mechanical components such as gears is proposed.
This theory emphasizes the importance of specific ions in the lubricant which migrate to the tips of
cracks and diffuse through near-surface layers of the metal thereby causing volumetric changes leading to
blistering or pitting.

The migration of specific ions in the lubricant and in the metal is governed by a single fundamental
quantity, the gradient of the chemical potential of the ion in the medium in which it is situated.

Gibbs introduced the concept of the chemical potential into mechanistic thermodynamics which had

previously been developed by adding to the equation which expresses the first and second laws of thermo

dynamics, namely dE = TdS-pdV, the term C pidNi where E, T, S, P, V are the internal energy, temperature,

entropy, pressure and volume of the system; the new quantity ,i is the chemical potential of the i- the

component and Ni the number of atoms or molecules in the i- th component of the system. In a more general

case the term pdV can be replaced by Fcij deij where oj is the stress and eij the strain, i = 1, 2, 3.

The gradient of the chemical potential in turn is modified and controlled by two fundamental effects.
The first is the chemostress effect which is the change in the chemical potential of an adsorbate when the
substrate solid is subject to a stress field due to externally applied stresses and/or residual internal
stresses near its surface, e.g., at crack tips or defects. The second effect, called the Gouy effect is
the change in the surface energy of a metal in contact with an electrolyte. These two effects can act
synergistically to increase the rate of migration to the tips of cracks at the metal surface thereby
providing the concentration and chemical gradients for anomalously high rates of diffusion into the
near-surface bulk of the solid at defects.

The process leads to a reduction of the cohesive forces between the original bulk atoms, causing
volumetric increases which in turn increase the stress concentration at the defects. Since increased N
stresses cause a further increase in the chemical potential of the impurity ions, the process becomes an

avalanche which ultimately leads to an increase in the defect structures, the breaking of bonds, and the
lifting of material such as a grain or a collection of atoms.

It was not until recently that the possibility of a chemical potential to carry detailed microscopic
information on the state of stress in a solid or on the surface of a solid was considered. This pos-
sibility elucidates the coupling between chemical and mechanical interactions at the atomic-molecular
level, particularly in situations where chemical reactions occur in heterogeneou; systems such as at a
gas-solid interface. This effect we have called the chemostress effect. It is represented by the

dependence of the chemical potential p on stress o through the derivativ which we call the chemo-

stress coefficient. The quantity c is an abbreviation for cij where i, = 1, 2, 3 in the general

case, so that the derivative Is to be considered in the sense of Frechet.

The importance of chemical potential can be seen whenever phyisorption, chemlsorption, diffusion, and
chemical reactions are involved in a given phenomenon because it is this chemical potential that drives
the process. In the case of diffusion for example, it is not Fick's law whic, is fundamental bqt ths one

that starts from the gradient of the chemical potential a n s

Other dependences ba inoped sucha temperature, electric and magnetic fields, etc. Thus such

quantities as---5 - ,q - will be involved, where E and H are the electric and magnetic

fields respectively. It is possible that in some casest and-f could be important but it is unlikely

that these coefficients have ever been measured.

Another quantity that can play a significant role in the wear process is diffusion of certain species
Into the solid and under some stress conditions anomalously high rates of diffusion.

A lubricant between two metal components may at first be electrically non-conductive but as wear
progresses Its chemical components will decompose and it can become a weak electrolyte "solution," at
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tacts such as those occurring between gear teeth and the rolling elements and raceways.
Amongj the goalsof current development programs are increased reliability, and power- to-
weight ratio of power transmission systems. Considerable effort has been directed at

improving the performance of spur gears with respect to these two criteria.
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F'iq. 9 -Advanced machine for lubrication film

evaluation, Ref. 10.

The prnileum of lubrication in gear teeth is that the elasto-hydro-dynamic contact
ias to start and finish on every tooth. As the instantaneous line of contact moves over
tile oil wetted surface, an oil film becomes trapped between the surfaces due to the high
viscosity that develops at the contact pressures existing between the teeth. Such condi-
tion has more to be investigated using disk machines which can maintain continuously the

condition at one point during the action of two teeth, Although the central portion of
tile contact zone can be generating near perfect oil films, the edge discontinuities are
still the regions where lubrication breakdowns most fr.quently occur.

Only if the true origin of a lubrication breakdown is recognized will it be possible to

:; icossfully wridify futuru designs so that higher loads can be achieved.
One possibility for improving the performance of spur gears is to realize high contact

ratio gearing without lubrication breakdowns.

Elastohydrodynamic lubrication may be viewed as one of the major needed developments

in tho field of tribology in the twentieth century, in order to improve helicopter trans-

missihn efficiency. The objective of the research is first to understand how thin-film

lubrication works so that it can be fully utilized and second to formulate better lubri-

cants.

SYMBOLS

h lubricant film thickness

h minimum film thicknessmin

h film central thickness
0

h' Ill v(0)
0l h v(x

p pressure

p h", 12 - u-2 Rh,

uA , ub  velocities of the bodies A and B along x

u ( A + u )/2

v defurmation

v(O) deformation at x = 0

w charge per unit length

A = h/h'
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clasto-hydro-dynamic contact (-ives rise to a diffraction figure. In absence of lubrica t,
toe mofochromatic and coherent laser light establishes a relation in between film thick
ness, light wave lengtn and distance among fringes in the diffraction figure. The image
is distorted because of the lubricant, but Willis is able to carry out an empirical re-
lation between the heicits measured witm and without fluid. Wedeven (i 975) proposes a
machine analogue to the one of voord, but with the possibility to evaluate the contact
friction force. Jackson and Carsiron (L 976) build another simple machine to measure film
height ano shape in not perfectly smooth contact. Wedeven, still in presence of not per-
fectly smooth surfaces, investiqates the elasto-hydro-dynamlics (1 978 and 1 982). Dalmaz
(1 979) has recently used toe interferomutric method to detect contemporarely film height

and shaape, and friction force.
Among toe recent realizations, the devices of lartnett and Kennel (1 961), Safa and
others (I 9d2), and bantu (1 983), still in the expcrimental phase, are to be mentioned,
respectively investigating on the contact zone pressure behaviour, on the thickness,
pressure anu temperature, measurements, and on the lubrLicant film thickness trough ra-
dloactive fluids.

Tne most important parameters characterizin- an elasto-hy iro-dynamic contact, i.e.
height and shape of the lubricant film, pressure, friction jorce arml temperttuie, have
been measured with various methods.

Summarizing, the methods for the lubricant thickness measurement are:

- electrical, electrical resistance (to show toe presence of lubricant in the contact
zone), electrical capacity (this depending upon thickness, lubricant dielectric con-
stant, shape and surface area);

- x rays (thickness of the lubricant film measured by Geiger counter on the rays Juin,;
across the contact zone);

- interferoretric detection (suitable for elasto-hydro-dynamic film shape and size in
point contacts; the best one until now);

- laser (interpretation of diffraction figures across laser coherent monochromatic light
beam);

- michanical technique strain-ace for detecting, for example, the deformation of the ball
bearing external ring during operation, from which deducing clearances and charges).

The only method suitable for pressure measurement is th, t one employing manganine,
even though with problems to connect pressure and manganine resistance; however this
experimental method is in agreement with theoretical and hertzian charge conditions.

To detect the friction force, there are various methods: moment measurement (on a
disk of contact); force measurement (axial thrusts between the contact bodies).

TIhe temperature is measured by thermocouples (average temperature between inlet and

outlet of the contact zone), metallic films (electrical resistance variation of a very
thin metallic film as function of the temperature gradient across the lubricant film),
infrared ray measurement (suitable for real temperature behaviour on a point contact).

An advanced experimental machine is recently proposed, Ref. 10, for measuring lubri-
cant film thickness and shape in a elasto-hydro-dynamic lubrication, suitable to simu-
late the commonly used mechanical contacts, e.g. that between sphere and rolling bearing
racewas. The device is also able to measure friction force, pressure and temperature.
The optical interferometric method is used for the thickness evaluation, in rolli'o and
sliding tests betwaen a metallic cylinder and glass disk, mutually perpendicular and
pressed each other with a force up to 100 N in a peripheral velocity range variable from
0.1 to 6 m/s. Friction force developed in the contact may be in between 0.02 - 10 N. Oil,
with density and viscosity, respectively, 8 000 - 20 000 Nmi' at 293 K and (.01 - 2.00
Pa-s, is admitted to the contact zone at flow adequate to the lubricant film formation
between the bodies. An oil temperature of 293- 343 K is not to be exceededat the contact
inlet, whose jet has to be opportunely screened in such a way to interest only the con-
tact surfaces. A view of the machine is shown on figure 9.

FUTURE REQUIREMENTS

The emphasis in helicopter gearbox development has concentrated on those design in-

novations which will permit high temperature operation at increased speeds without de-
grading strength or weight goals. To provide high temperature capability, the main trans-

mission housings are starting to be fabricated from a sta nless steel alloy to replace
the conventional magnesium alloy casing. In the coming decades there will be further ad-
vancements in all aspects of gearing development, with increased emphasis placed on such
areas as: new gear materials with increased survivability traits, particularly running
at higher temperatures; new gear designs with improved c,ynamic characteristics resulting
in reduced noise generation; significant improvement on lubrication of non-conformal con-



provisions to collect and measure the heat generation due to mechanical power losses in
toe transmission. All the lubricants, near to the 5 - 7 centistoke range in viscosity, are
tested for physical properties, contaminants, and wear particles prior to and after com-

pletion of all test runs. Efficiency test runs have to be made with the oil inlet tem-
perature controlled to within less than one degree kelvin, at oil temperatures ranging
from 350 to 370 K, at full power condition of the test transmission. After the tests are
completed, the transmission is disassembled, cleaned and visually inspected for changes
in toe gear and bearing surfaces.

ADVANCED EXPERIMENTS ON ELASTO-IIYDRO-DYNAMIC LUBRICATION

Devices with disks, spheres or oblique cylinders, have been realized, respectively

for linear and point contacts, since 35 years ago, for measuring oil film thickness and
simulating the actual operation of usual mechanical couplings. Even before, experi-

ments were made with teeth wheels to demonstrate the lubricant presence at the contact
zone, verifying, after the test, the operation signs or the superficial damage lack.
So, in 1935 the Merrit disk machine was yet simulating teeth contact, to evaluate fric-
tion coefficient in absence of lubricant film. In 1 952, Lane and Hughes registered
the lubricant film through the measurement of the electrical resistance difference,
only some .. for the lubricant layer in comparison to 10' R for metallic surfaces. Ca-
meron (1 954) reveals that the lubricant electrical characteristics depend upon the

current intensity, and Lewicki (1 955) verifies that such measuring method gives not
satisfactory values of the lubricant thickness because of superficial asperities and
eventual suspended particles. lie builds a two lubricated disk machine through which the
film thickness is evaluated from the electrical capacity difference, with acceptable
values of 10

-
6 mm. In 1 958, Crook overcomes the difficulties due to the uncertinesses

on the lubricant electrical characteristics connecting capacity to fluid flow, measuring

tn friction anu the average film thickness. Misharin (1 958) and Smith (1 959), through
steel disks extends experimental studies of friction at different rolling and sliding
velocities as function of the lubricant charge and temperature. El-Sisi and Shawki

(1 960) try to check the film height through a resistive method, adding additives to
toe oil for avoiding influence of the temperature on the electrical resistance, rather
with unsatisfactory results. Another device for the lubricant film thickness, this be-
ing a little higher than the superficial asperities, was one utilizing a x ray beam
(Sibley, Bell, Orcut and Allen, 1 960), in which the ray beam is subjected to diffrac-

tion in going across the crystal, obtaining a monochromatic collimated beam, whose shape

and magnitude are registered through a variable wideness fissure. The x ray beam is
impacting the contact zone and absorbed by the steel disks more than by the lubricant;
the across passing beam is measured by a Geiger counter and used for deducing the film
thickness, with values In agreement with Ref. 9, even though the measures heights resut-

ed a little less than those theoretically computed. Archard and Kirk (I 961) show the
persistence of the lubricant film even in condition of point contact. using a two mutual

perpendicular cylinders device at variable approach (through a hydraulic piston) during
the motion; adequate electrical insulation and particular hg contacts giving the values

of the height and friction force with a capacity method.
At early '60, the theory results start to be experimentally verified. In particular, re-
garding the lubricant film shape, they try to show the almost parallelism between the

deformed surfaces at the contact central part and the outlet zone restriction. It is
again Crook (1 961) to use a 4 disk device, with which he is able, for the first time,
to experimentally deduce the film shape in the case of linear cortact, through a capac-
itive method, even though with the uncertainess about the influence of the pressure.
During recent years the pressure behaviour in the lubricant film is considered. So, lig-
ginson (1 962) investigates the oressure behaviour between a bronze cylinder and a plas-

block in mutual contact for a sufficiently wide surface, rather with negligible effect
of the pressure on the viscosity. Dowson and Longfield (i 963) measure the pressure be-
haviour at the contact of 2 metallic surfaces, rather with too wide contact zone. Ken-

nel, Bell and Allen (I 964) develop a method with manganine, a nickel, manganese and

copper, alloy, whose electrical resistance is influenced by the pressure.
The first interferometric device is built by Cameron and Gohar (I 966), from which the
film height and shape for a point contact is measured. Better results are obtained by
Foord and Others (i 969) usin; the same principle, measuring the temperature through a

thermocouple, studying the pure rolling but not rolling and 2iding velocities together.
Meyer and Wilson (i 971) use a charged ball bearing and a stt n gauge for measuring
the film thickness between balls and rolling race. A more detailed measure of the tem-
perature at the contact zone is obtained by Turchina and Others (1 974). They use anew

technique, later developed by Ashermann (1 976) and Magary (1 977), non interfering
with the elasto-hydro-dynamic contact, and based on the lub:icant capacity to release
infrared rays in quantity dependent from the temperature. A further device for the film
thickness evaluation is built by Willis and Others (1 975) exploiting the diffraction
phenomenon of a laser beam. A light beam passing across a small fissure, in the case of
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- the dimensional film thickness A = n/h', for the same values of A, figure 5, and the
dimensional thickness h for the above mentioned values of - , u, k, E', figure 6;

- the adimensional lift W = w h'/24 UR, where w is the unit lenght charge as function of
T. In the following Table are reported the values of AMIN I S = AMIN T and M = 12 Wf.
In figure 7 the values of S and N, according the perturbation solutiorn of Ref. 1, are
compared with lse u,es of 1lef. 6 (ubrication btween ricid cylinders, Ref. 7 (itera-
tive method), and Ref. b.

In technical applications of the elasto-hydro-dynamic theory, the fundamental varia-
ble is the minimum lubricant film thickness, from the other hand so high to avoid con-
tacts between superficial asperities.
The computation procedure for counter-rotating cylinders, roller bearings and gears, con-
sists on:

- deducing the dimensional variables

R = RA RB/(RA + RB) u (uA ( u1 (E )A+(/F--)
A h

- computing the adimensional variables

b = u/E' R W = w/E' R
o

- with the corresponding value of M = w(E' R/
2
n U)/'/E

' 
f is deduced S from the dia-

gran S- M, from which hmin = RS 12 L to be sufficient high in relation to the average
rugosities rA and rB of the surfaces. A correct operation from the elasto-hydro-dy-

namic point of view is commonly considered with I = hmin/'rA + r = 1.2. It has been
experimentally shown that the life of a couple is significantly increasing for values
F from 1.2 to 3.0, while for F < 3 fatigue resistance increases are not significant.
The physical meaning of F is immediate: with low values of such parameter, the asper-

ities of the surfaces enter frequently in contact causing wear; viceversa, beyon a
certain limit, the distance is inadequate because pressures are transmitted through the

fluid layer.
For a better understanding of the significance of F, it is shown on figure 8 how the

friction coefficient f between two oppositely moving surfaces is related to F. There,
high values of f are corresponding to low values of F , i.e. a limit lubrication with

surfaces at direct contact. High values of F are corresponding to viscous fluid in hy-
drodinamic regime.

In conclusion, the present perturbation theory takes into account the relevant
equations in elasto-hydro-dynamic lubrication, i.e.: Reynolds equation, viscosity varia-
tion, density variation for mineral oil, elasticity equation, and film thickness equa-

tion.
By using numerical procedures, the influence of the body shape and the dimensional speed,

load, and materials parameters on minimum film thickness has been investigated. Equal
consideration is given to the effects of both elastic deformation and pressure dependent
viscosity in order, for the resulting film thickness equation, to adequately represent
counterformal steel components lubricated with mineral oil.

The lubrication of non-conformal contacts such as those occurring between gear teeth
and the rolling elements and raceways of rolling bearings is influelced by two major
physical effects. These are the extent to which the lubricant viscosity is enhanced due

to the pressures to which it is subjected and the dec-ree of elastic distortion of the
bounding surfaces. Now, the most typical elasto-hydro-dynamic contact between two approx-
imately moving elements is the radial cylindrical roller bearing. For the case of a bear-

ing with fixed external ring and moving internal ring, the fundamental cinematic rela-
tions are those of the angular velocities of the roller center and the roller around its
center, from which the velocity u , to use in the formula, is deduced. From the charge

on the bearing, the maximum charge on a roller and the above mentioned dimensional param-
eters and adimensional variables results. Deduced the minimum film thickness on the in-
ternal and external contacts of the roller, the corresponding values of the parameter F
(at rugosities 0.2 and 0.1 respectively for roller and rings) indicate if the contact is

correct from the elasto-hydro-dynamic point of view. Choosing ar oil with higher viscos-
ity, a significant increase of the couple life is insured by the corresponding higher

film thickness and parameters F.

The behaviour of teeth wheels in proximity of the contact regions is equivalent to

that one of two oppositely rotating cylinders.

In order to check the results of the theory in a helicopter transmission efficiency
test, tne measurement system has to be operated in a thermally insulated environment with
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scribed as rigid-isoviscous, elastic-isoviscous, elasto-variable viscosity, and rigid-var-

ianle viscosity. For the case of line contacts, analytical or numerical solutions of each

of these four lubrication regimes have been available. In the case of so called point
contacts, where the boundary solids have curvatures in two principal directions, similar
regimes of lubrication are possible and substantial cnmputational effort has been direct-

ed towards obtaining numerical solutions predictin; the film thickness. This is partic-
ularly true for the first three of the forms of lubrication mentioned above.

Other tentatives of solution were proposed by Dowson and Hamrock, Ref. 3, 4 and 5,
through finite elements numerical procedure, considering mcre elastic moduli for both
materials.

In the last years, the problem has had new experimental contributions due to relia-
ble r.nasurinq methods of parameters, as pressure and temperature, on the elasto-hydro-

Jynamic contact.

Tre qeneral equations relative to a linear contact between two elastic infinite

lengt cylindrical bodies separated by a variable viscosity fluid, figures 1, according
Ref. 2, are

d LI P) - 12 u --
dx dx dx

h ?C +5 * (I)
2P

x'

v(x) - / p(s (-x ds

w t oundary conditions

p- O p(x) =O

TiLe rotating bodies, approximated in shape around x = 0 by a parabola, have the
,il film eight, figtre 2

h h1 + X /21 A  WX/2 - h + x2/2R
o A B O

considering: incompressible fluid, with viscosity , dependent upon the pressure p; Na-

vier-Stokes equations, elastic deformation v.

The first equation of the system (i) may be simplified to 12 , u h-h

dx uTT
So the system (1) may be linearized through a perturbation method, Ref. 1, obtain-

ing, with adimensional variables
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v(X) =24 1 h f p (S) in (?C-). dS (3)

Toe solution for p' and v(X) is consequence of a perturbatior procedure and adequate

uoundarl conditions.
The numerical results are as it follows:

- the distribution of the adimensional pressure p" = p h'
2
/12n u v'2 Rh', in which: h' =

- h o + v(0) = RPln-u/ER ; 1I RA RB/(RA + RB) ; n = no e 
p  

is function of the parame-

ter T 
= 

ff,'2b in which: it h'/R ; U = ru/E'R ; E' l 1/2 t1 - ii/EA+ (I - k)B/EBl

- Poisson coefficient ; E = Young module.
Ine elastic defornation is becoming progressively important, figure 3. The dimensional
distributions of p are shown in figure 4 as function of dimensional x 

= 
X, 2 Rh in

order to live an idea of the behaviour of the normal elasto-hydro-dynamic contacts, for

tre following particular values: u 
= 

.0 m/s 0 .1 Pa - s : V1 = 2.2 - IOiN/m
2
;

2 = 0. 5 m;



cxll I lai 11 f tId-fi r. ourIal bearings (with radial clearance, between the shaft and the
-ar~n,1, aL.out onc-thousandth of the shaft diameter) and slider bearing (with inclination

A t:c eallltl; surface to the runner corresponding to one part in a thousand).
I(!:, the utncr hand, the contact areas between non-conformal surfaces are very small in
o0parstin to thu contact areas between conformal surfaces, and the load must be carried

4wt x';,- :ijol local pressure. While the load per unit area in non-conformal contacts,
such as those that exist in bail bearings exceeds 700 MN/m', it is typically only 1- 7

The maintenance of a fluid film of adequate magnitude is an essential feature of the cor-
rect operation of lubricated machine elements. The result of the elastic deformation of
materials uue to high contact pressures is a considerable increase in fluid viscosity.
Equal consideration has to be given to the effects of both elastic deformation and pres-
sure dependent viscosity in order for the resulting film thickness equation to adequately
represent counter-formal steel components lubricated with mineral oil.

Important problems in elasto-hydro-dynamic lubrication arise both on fully flooded
lubricated contacts, in which the film thickness is not significantly changed when the
amount of lubricant is increased, and on the influence of lubricant starvation on film
thickness and pressure in hard and soft elasto-hydro-dynamic contacts.

The examination of failed gears from many fields of operation, not only rotorcraft,
has shown characteristics which suggest that there are several initiating mechanisms
involved. However, damage to gear teeth attributable to lubrication lacking is an impor-
tant failure mode. Lubrication breakdown can have its origin traced back to the tooth
edges, eitner the endes or the tips, or to other factors as surface finish or surface
treatments; the nature of the gear materials, and the character of the speed and load
spectra, having considerable influence.
The commonest time of damage initiation is during the early life of a gear set, when the
surfaces are still changing because temperatures tend to increase and oil viscosity fals,
rendering the generation of hydrodynamic oil film less efficient. However, not solely
progressive loss of oil film thickness until intimate metallic contact is the process
leading to breakdown, this one appearing frequently as sudden collapse to failure.
Long life lubrication breakdown can be associated with interruption in lubricant supply
or fati-,ue of the metal surfaces. The combined effect of load and temperature frequently
causes lubrication breakdown.
Since many lubricant breakdowns are associated with contact conditions, special teeth end
profiles are used to alleviate adverse end stress conditions. Moreover, the surface finish
on the boundary edges is important; its optimization being a difficult problem.

The lubricant itself is a link in the load carrying chain, but major improvements in
load carrying performance can be reached without involving oil changes. The film thick-
ness is generated at the ingoing edge of the Hertzian zone, and the radii of curvature of
these approaching surfaces together with their velocities towards the conjunction will in-

fluence the magnitude of the film, according to the elasto-hydro-dynamic development proc-
ess.

This paper has the purpose to investigate realistically the elasto-hydro-dynamic
process and to improve the general understanding of the involved problems, suggesting the
relative experimental equipment.

SOLUTION OF THE ELASTO-HYDRO-DYNAMIC GENERAL EQUATION

A realistic analysis of the elasto-hydro-dynamic lubrication must consider both the
lubricant effect and the elastic deformation of bearing surfaces. The fundamental equa-
tions are at the sare tim those ofcynamic lubrication and elasticity. Due to its complexity
the problem is normally treated by numerical-iterative methods, but a proposed, Ref. 1,
perturbation analytical procedure permits a better solution, suitable for transmission
gear tooth contacts.
The method proposed by Dowson = Higginson, Ref. 2, was giving a satisfactory approach
to the problem, because their model was taking into account the body elastic deformation,
solvin.; the elastic hydrodyna ric linear contact between elastic surfaces separated by a
viscosity pressure dependent fluid.

More sophisticated models were followed, considering ellipsoid bodies limiting the
lubricant flow, being tridimensional the pressure distribution along the contact surf-
aces, with pressure and film thickness depending from more geomietrical variables. The
corresponding film thickness map enables the dominant physical action to be clearly i-
dentified based on the operatin, conditions, and also makes possible estimates of the
appropriate minimum lubricant film thickness. The nature of the lubrication of a conjunc-
tion between two ellipsoid may be resolved by the degree to which two physical effects
are influential. The variation of lubricant viscosity with pressure and local deformation
of toe solids under the action of high pressure may or may not be important, and this has
prompted the recognit ion of four distinctive forms of fluid lubrication, normally de-
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SUMMARY

In helicopter transmissions, it is to make every thing is possible to minimize power
losses in order to extend the performance envelope. The reduction gear box and its compo-
nents, from the engine to the main and tail rotors, contain epicyclic and bevel reduction
gears, as taper thrust and cylindrical roller bearing, subjected to elasto-hydro-dynamic
lubrication whose operation needs a better understanding in order to improve present ef-
ficiency. It is in fact known that a few tenths of one percent mechanical power loss can
be equivalent to the loss of many kilowatts. Adequate fluid-film lubrication, where elas-
tic deformation of bearing surfaces becomes significant, is vital. If non correct, it
will lead sooner or later to failure of the main gear box and damage to gear teeth and
bearings. Insufficient quantity of oil would produce, among other effects, increase of
stresses on gears, bearing rollers and races which would be submitted to abnormal fa-
tigue loads (leading to rupture), as well as increase of friction loads and therefore
higher operating temperature which would, above certain value, quickly lead to bearing

seizure.
Since the lubrication efficiency is depending upon the elastic deformation of the contact
surfaces, a theory for a better physical interpretation of the mochanism is here discuss-
ed as a design means to alleviate adverse stress conditions during operations.
In the present paper, the author is trying to solve the problem of computing the pressure
distribution in the contact and, at the same time, of allowing for the effects that this
pressure has on the properties of the fluid and on the geometry of the elastic solids.
The solution also provides the shape of the lubricant film, particularly the minimum
clearance between the solids.
rinally, it is proposed an experimental high performance equipment capable to simulate
the beihaviour of hertian contacts in elasto-hydro-dynamic lubrication.

LUBRICATION PROBLEMS IN HELICOPTER TRANSMISSIONS

An important step in development of the power transmission path in helicopters from
engine to main rotor shaft, while reducing the output speed as it changes the direction

of drive, is to do every thing possible to minimize power losses in order to extend the
performance envelope. Range, payload, and operating ceiling can be increased if efficien-
cy is increased. With large, high power, helicopter applications only a few tenths of one
p,,icent mechanical powe loss can be equivalent to the loss of many kilowatts. There is a loss
of 3 - 4t for a planetary stage, and 1 - 26 for a single gear mesh.
But the effect on the operating envelope may be more significant. Since all mechanical
power losses must be dissipated as heat, improvements in transmission efficiency will
permit smaller and higher weight cooling systems. This effect increases the payload ca-

pacity of the helicopter.
The transmission main box gears and bearings (planet and sun gears, bevel ring and oil
pump gears, taper roller thrust bearing, cylindrical roller bearing), and the mast bear-
ing are lubricated and cooled by pressurized oil. Lubrication of the main gear box is vi-
tal. If not correct, it will lead sooner or later to failure of the main gear box. Insuf-
ficient quantity of oil or use of unappropriate oil would have among other effects: in-
crease of stresses on gears, bearing rollers and races, which will be submitted to abnor-
mal fatigue loads; increase of friction loads and therefore higher operating temperature
will, above a certain value, quickly lead to bearing seizure.
The role which bearings play in the performance and durability of transmissions has long
been recognized. Even though advances have been made in bearing and lubrication technolo-
gy during the past, there continue to be problems in performance limitations, manifest in
the life and durability in current use and in the design of future transmissions.

The elasto-hydro-dynamic lubrication may be viewed as one of the major developments
in the field of tribology. It is a form of fluid-film lubrication reducing friction where
elastic deformation of bearing surfaces hc'comes significant; usually associated with high-
ly stressed machine component such as gears and rolling-element bearings. The same mech-
anism of lubrication is also encountered with soft bearing materials (rubber seals and
tires) . In these applications asperity interaction is prevented by the coherent fluid
films provided through local elastic deformation.
The surfaces fit smoothly into each other with a high degree of geometrical conformity,
so that the load is distributed over a relatively large area. While the load is increas-
ed, the load-carrying surface area remains substantially constant. Conformal surfaces are
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Floe notrneno en particulier lorguoun nonoidh!rn 1 'eciotene d'uo troinu6nn eorpn

'tac l'interFace 1 6 au ph6oc c d'uonme 1,11,221.

Des nona- su caI trihenhitre plan/plan oct 6t6 nffnctn6c afin d'6tudier ('influence

O la ohenge appliuue nun la formation de film r
6
actionni = ou tr lunatre en pr

6
cencn

'On firP~o. L'aire apparente du contact not contante et in dom- nn de prnccmon apparnnte
do -otant envonagA tri est compric nntr' 5 et 300 MPa cc gui correnspond A H/400 et H/7
H P6tant la durnt4& du corps In plun tendre : 2 CPa).

Den travaun nnp6rimentauc ant~rceurn III ant cantrti gun In contact, lnrs dn cnn

escaus peut Atre coniddr-6 nomne dincre (eincuence d'un noembre fin, dn jonctoonn entre
inn dean surfaces actagocicten) et gun incochne On jonctiocns numntanten peut &tre
osrim4 a partie On (a thdnnie On (a daret6 (ci on conceit (a taulle des jonctioccl . Dans
cn coonditions, borogue la charge augmeome, la taclin, On chaqun jonctuon et in nombre dn

<.''' 1 aboOoortr) ' -t =ncro i - rmer
appronimation, gane (a tailLe not neonibinment. contante et n-1uleI nombre augmeote J131.

3.1.1_-_Influence _de _Ia ba rje our Ia formation du film r6aetiomnel.

Inn neonren On RC pernettect On commr i'6n'ointmon d- I 'interfere car ln fil(m
react i--nl ent in ho- -'.el 6lectrignp.



I_'s i1s vI u s do eRC obtenuen pour los diff~rentes prensionn sont roep, r t 6 t

fyiio 3. Dans tous Ion cas, 1 '6volution pr~sonte trois pdr tades

l a p Iriod' 4 induct ion I : a RC reste a une valeur tr~s faible I40, 1 Obey,

lai p~r,.odn, transitoiro II pendant laguelle la PC fluctue autour d'une valour

-enne gui iugmeflto,
- 1i p6-Aod stationnaire III pendant laguelle la RC fluctue autour d'une val-is

maycenne stable 6gal, A environ 10 5 Ohms. .Pour la dur~o d Innsa cons id6 r6o , la pdr id,

II a pan oncorc' 6t6 atteinte pour Ins prennions do 5 et 30 MPS.

SPa= 5 Mpa Pa= 110 MPa

Pa=30 MPa 111111 Paz 100MPa

C)

1"Pa=80 MPa Pa=235 M a

I I , .o M

F1ufl:Evolutions do la idnintanco dIentrique do contact

PC -n tonction du noeps t pour diff6r-nten

colour dornin

Loisonu den ;-,lutions indique quo la transformatinon do 1 interface o-
0 

rndue
plus rapide par den press ios apparenten do contact plus 4lev

6
os.

,La durde de Ia pdniodc d ' indution, gui put caracteninor la cindtigus "globalo"
I luin di , cn tact fforeataon do film rkactinol) vari avoo lI pronsion apparentco

4' sntot 1I, teepsn d'induotion qui f-st 1o toeps nocosaire pour atteindre unO valour

nopenno d,- PC 4gale A 0,1 (The Carlo avoc la pression. L'';olutios obt-nuo on fonctin do
la prosln ol figure 4) contro l'ouintenno don" saloo minnenalo- s-desnouns do

q iuelII i I nest pan possible do doncondro brogan Ia pronnion augnonto.

2,0

A f Pa

FjUt,_4n Evolutionr du tomps di nduo n orsodn
ice v leti de 0,1 ohs, en fonot ion de Ia pros-
nion apparente do nontact.



Parall~escnt A i' volution de RC, des observations en microscopic opticjue

permeetent deI suivre I a format ion d u film sur les surfaces, bans us premier temps
p~rvde I et partie de 11), us film brun se forme sur les surfaces frotracres. lie film

blteu se forme ensuite sue le brun (fin p~riode IT et p~riode III) . Le film bleu so

pres-e Sods 1. f~rme d'llots, d'un diamhtre moyen de 5 pm et recouvre environ 30% d,
Id surface frirtante. L'aspect des films apparait inddpendant de la pressi.<n apparente
J, - r~ ntc. tin esemple inst montr-6 sac la phorograpia prise en mi croscopi- Sptique

figure 5

2 Aspect esimcricopic "ptigque dii

film rec"Isr an t 1, surface do 1.

baqu (p iid III).

d mil bin

fmDesanalyses des surfaces apr&on ensais par spectromhtrie AUGER ont montr4 que ies
oi scst rompoms des 6l

4
ments proveniant do lubrifiast et den surfaces (P, S, Zn, C,

0, Fe). Os note rla pr~sence de phosphate 1141

l.a th
6
orie de la duret6 permor doestimr Je sombre de jonctions correspondant use

pres- , donr~e. Dans la p~riode 111, chagor lonction est da type m~tal/filsmmtal c-

gui cafpligun Ia valeur de RC l6e6 ties calculs de la RC basSOi sur le embre ct li
tail des 3crin, montrent aloes quo In fast quo la valeur do RC soit inddpeedact,

1,,I pren1.s1io cor respr~d A aiim a ugmen tat ion de IlI pa issear de f ilm aver la presesion.

L'examen des su rfaces us~es r~v6 le quo 1l'usu re est do type idh~s ive or abrasive (
-ri cr ps) avant et pendant ILa format ion de f1im pui s el1le d v ie nt dii t ype corrosicv,

In pre sence do f IlIm r~actionnel. Cot te, modifcation do type, d 'usurcesepl iguc lu

diminunio du taun dunure gui accompagno la formation do film (facteur 100 environ).

Ios mesures de hauteur us~ en courn do frottement permettont do calculor Ie taut
usoure en pr~sonce de film, Sen 6tolution eon ropr~sente figure 6. L'exes do citte

,vlut- ionindique une augmentation do l'usure aver la pressien.

0 50 10a

Pa MPa

F!a Evolution du tautx d'Iurt (dh/dt on pr6sence dv
film en tenet iii do 1, preessiotn apparette de c-,n

Lee valeurs des esnais sues 5 et 19 MPa no cor-



adrff6rnnta ri~nuinans mostrent done gue, p-a r nountes ins prossions apparent es
Incnattnen, l'offot ast,-uure assoerd a p r senen du DT P ZS noerree Fnmd a i a

*n-mat i r d 'un tri 1m react ionnel do nt 1 'apparosne ea t aensiblenet rnd6pesdastn de I a
pr'-s1r-n. U!, f ilIm bli noun la fonm- dl'lonn a e fojrme sun usntrilm bran. Len L1Ins de
tri Im 'nt a n d .ame t re nenrblcmnnt const anut c t i'

6
4p-ion na semble augmen ter nnec I a

pr e ar in.

on p-ct d,, - 6vo 1nut i r, de I 'interface a pa Litre moAl IA e 6n con s id r a nt gun In
o roe e mpri nd de ,I (n ct i on s me6talI, me ta enI , den ) onni Ians mensl/fiim/mcrI (co, Lr
f igur -? iq ianc in ,oncnio-s da premier nypo, punent ore transformer enu jnti ono, dir

'eAn typ. aSen un- cetaico probabiliI mA irnsganl 11ens, ant sniiictrn I 1-. C ,ttI
iao pP ItLatIreu dir pn-ob Ih me a pe-r mi1n d e proposer den%6 Ault Iosns th6,irigans den

grad eromennee irearstanne Aiectriqun du contact et haateur anne et les evnlatios
'L-t111 -- i ppsaua rnhes d- Asvolurions eap~rimentalen (figure 8) . Dr plan, (1 a
6tA p riile grii- anenne, mod* lrnatir, de quantifier I anure avant la formation de
frl g (Irard, un r iancnon srib-Ino pan den menares clansig .en) et 1ii eon appara gun la

prononce d'addrni f antn-aourc prodarn use augmonnatin du taun dausur avant I
irnat i do film.

> rmeRprdno-nI t anroIn aeh m.at iue- d ue I t ito n ,
a ont de I '-n-e de 5 pm.
Jonntrnn sans film h 5 rim

J-n1t inn anon film h 100 sm

N~Z If"

C) 0, EXPERIENCE

0 
1 3

t 10-s
FiqLyane Cempanainnn des Anolutrons do Ia r~sistance 6lec-

trigu du noinact (IRC) obtenuns par Inexp~ene

't par I, mod~l. Pt et ain paramhtno du modiln
gui nepreeme ha probabil itA do transformation

dun (onctione latngu'e11,nn ol I ,miteer.
(N) , (Nt ), (Rn ) nt (R t) it den parametnen

dffirn.nnan le sombre de joect-in du contact on

tins d'un test de frtonnmnn, la nhrarge, ent appl igume air contact d' s I.- d~but . te
fL m n~ann -in- nlse fanme noun I 'effet du frottemern et --nduiLt uie bains- dir aun
irmsrn Des ennai noun drff6nnten eh,.ngon montrent iliastonneA'-us charge, -aemumn
au-dA de laqanle 1. film n- se force pan en In, t aunx d ' usur n-ann t rh;.n;Ien-. PouLir
In no, ,ndt iosn at u Lies r t te charged Ae gq rpagn eo qr cr rennocI .i unr-e fr enssInr appadrin te
de 235 MP.

torsuu la sanface fran tane e-t dA6 1i renoanerne de f IlIm ndat in eel, Ia harg,
p ro)daursa n a un g rv rrr!r i-fIn-ti lIo ... ,

1 
e "i e-I!- -T.I.., , -i a n n frpon1ni1n ire

34i1 Mta (augmentation dvn n Iii N. On ph -nomhne antre done ain efft ant r-grippage
du fi lm, effen gue I 'on peat attriban rn, doute aun prspriet~n m6-carg'ues du film eta
d-s possrbilrt6s de trannformatr-- physre-ohiiues -iia 1leffnt da frottoient.

3.2 Esnainsue manhmne A disquen

Quand 'in mntoda,,t in ihfan d-,!; In ontant nun ann ma,-hin- dingans, LI st
posn ibln d 'n-tramin-r 1n f Iuiarl dans I ' Inien-fane. nr4ant aos e -s-W-

me contact to netmi nn dono en r;'gime PAD.



2S-7

De nombtnun tnamaum one porms d'6tablir quo 1lopaimnoar h do on fifln do fluido ont

laide aiim diffdronts paramdtron do font jonneunont diu contact : change nornalo w , rayons

do coarburo, visconst6, mitonsos . .1 a 6i6 6tabli 1151 quo h ddpond fortoint do is
mitosso do roaloinont : A k .DO, ( U = 1/ 2 ( U1 L32) ) ot r ste pratiquoinome

inddpondant do la vitoso de ghisoonont DU ( DlU 01U - U21).

Si on maintiont 'A mipdriear a la raqoitd tvtalo den surfaces, lo ciuauhionnt A
1' inorfato no produat dams lo film fluid-. Damn lo cam contnaice , des contacts
molido.-molido appacaismoct, fosmant ftoiioqser l'ondonimagomemn den ourfamom.

Dams don travux prdcdonnm IS , 1 a into mo t r d qs'eoe rdg imo EHo, asesmo
ddgradition don sarfaceso noq pc- daia t On mobolaio f an Ia format mom do, fun

roao:L-onne t la snule cause d snare des surfaces rento la fatuque don manrurauu.

to but d-en s coais prou -mtmn ent do dderninrc 1- paraofltrem do formation de

phasos rductiomseles dams an contacot hertzon labrifid -n rdgimo misto.

3.2.1_Importance do lun dur~d do nhimitaticn

on no propose d'obmorocr 1'dmolotsom des oarfiies on fomotiom du tmips do

fomecti1ornmon t du' n cont ac t, ion conditions ci ndmatugmons 6tant finden citonse de

roiilomomt U1 = 1,01 m/o, glinsemost relatif DU= 5,0 %.

torn dui frottemont, des films rdactiommols apparaissont sur ion macfaces. in me

earactdnusont optiquonont par des colorations bleuen-marrom SI , r6partics damn la traco

do rouloinont (figure 9).

0.1 Aspect em micro scopie opt iqmo do la pinto de

50 Is.roulemest d u galce cylundriquo ipriun eona
( 11 = 1,10 n/n, DO/U = 511 )

Diffdcontem dur6en do toot t = 5sn 90s, 1200n

ft ten- zon.o sombren dano la pinto oni- ocs
*~ ~. A croo de film r~actuosnl -m Tort.

* a ,~iP $tourApccor moyen pest A tro 6auce N*~i a1 IA 'ai3 de- den triends profuiomdtruquen

a t ci pi n t i (14 apr n d 6cp ago d . f Im.

77



A I *. d, dm le lis.. loI dic na dgn t du gIanonot. tOn
dI zo Fim , pro '-p,-at Io profil

-A 7j- F ia-c I-tma dv fonnt Irnmnt,

- A-~ 1'- -,- ter do- 15 t.0s

* 
2

ti-sar 0yr-- di- film Etlfit)

71

______ .1 c s'

-a.:.. a rmps d I 'oriia tii- C'e

'I",r I Ifri'i t ii' I i Iigf ,aqraIph, 3 -I.

I ati nvoo urn no luct tn l'nnf. En efprT t ni is nIt

v I., I* -at nyan d, I a ro4sa son '11 Ct tact tre I , t'sr on Corrett

i i-11;_,. n-. gni,;I '9fia vi' paIatitj o ievali-r do 100 0 hm11s o rn a

I "I" 1 9 i vpai v.IC ,rotits ie-IeI dv. n
5

- signal darn
labn-n ifIcaI In <nit , (Fi'gure s' 3)1, onounstate gue',n d~but

d", ~ I o a'-'it mId' nto vi t IvIr-t 10 Ohn, ot darns I autr

-' 1 ohm

W-135 N , fF.9 M1/5 , /511ISC 9=2e -C

7.

3.

- .3. ". ". 2f

TEMP , t(S

Fi2Lan 10 Evo lut ion de Ia valo ur nayennn do la

re..irne 61entriqun du contact or
Fonntiuin -dv temps d'enna

0 1. s ut/ 00/U = 5 ,0 %It

Ii-i'-;u l-i ;onpl Iquo i's -nid~rant -gun It contant on rogtme ninto ont la
C~ii ]uio d lyn phdromhonns distinets p-ivant eninternsimltanmrnt

pare pii du nontart nut on r/gino Ei015 (filn nonti'nu do lubriftint - 6painnnvir

o) --ul 0 1 US ia d , no g 'dn e I , ao r o a n anon doI con t ant t ro oa s er
PC >1(1 ohmis

- urn pit- in d contact Oat enregime limite (ph/nom/ne den jonotiorns fornation do
filn -;a-t i nn ' I ot 1-nn ,n o d-s fluctataons do r/cstanno do contact variant do
r'' h hm -i 1 M nh m.

I/mali' dosn-ilt1graphigueo d/itaill/n dai iignil Re vonfirme not'" hypothhan- 191.

n rit mixt-, nnronstato donoc I 'apparition do' film odant onnol str Ion nurfanens
ft I' ioa !, ph/nmhro err Fonnt-n do Ia durde do sollinitati-n du contant. Unn

I.Ir n mIx irl-i ane ln r Ijm limts appartt.

3.2.1. Influenode Ia vitonmn do nlinnptnt

Orvi pop~v ti d' onmor 1d - es I/madaitiinn do nurfane d 'un cnact fonnt ionnant
-Is difrn m' 1odtin di fI aIrn mor iF f U/U ealIa It U %, 2 , 5. 9,0
10 , 'I AI om maIn t on antI U fin d ays In ermin-t

np ml's , -noa nd/tomine I -'/pa irsnur moyonnn do filIm m/aotiannol form6 nuir inn
loa satr f-in IEl 1 - , L/-fl It ,i-n do F' Iv~ lo gi1 1Is.ont rolatif flU/U oEs port~e str

a- fiqr t0 La q ar it II do prdIit I/o -rnolI form111 d/eI~n d t r is_ fartent dvu



W=035 N U=1.0 M/S ,T=90 S B-920 'C

.4

4,

Ii GLISSEMENT REL. -lU2.
PFora I,_Il E- I. tan d, 1 ';pa !-U - . y- d. f, It,

react -nn! F fe (Et) trFc-cr Ion. da gli -cr--t

U - I. m s , t ) 97

L'.snrati'nd-s tracoc d, raIlomo-t apt' ;s,). pcermot de d6du:r- qii-
i~arn--. ,s-det~ n dacbonal apa lir or Os utt0-

pl-, 1' ,12pi,

1 1 fr i u -to la o t-qc,t-III, Ty Innms par iao a- a

pi- m pd 1to dr fi ar ion 1- tao (tiqar 12). 0r, p-ut -~ I-,a

j-, 1 [n -c re -, m inixt( d 1ubrif c a t i, n , I e ff tt I y -r pr 1 no t pa, , cm cnt d 6 au
d-a ,oea do [ 1 - InrrI bat ,),i da clatti 1 ,-r, tds a s P6r t 6 ss, id--

fi n r- nt't roIatf i f D T)7))U.

F A -[oA'-r-giat romnt d, i'ctfart do,

~ A 6 tapeo on C orI.,opie -apt iqa

-~ K 6.- 'orta i-nanoa<.-a tint de film

ct r d --. . .l q ,, I . - n

LaO 0 -- - - - - - -

m r~ct inrl o r~- d - Cent .-t 11iasement naebinen

osphdnomeno obneroda dlana c- n--dii't 0C -n-ir ta a5 c -ax 1) s rve; n

9 ss~n ' par dan a n oIttamn ., pIan,- pl a n. on petit en d6dair- gri- dernho t ypm do

..mu 1 a t i kan ,n b a Cr , ap A tp r da r I -, on I- d it i na do p, at tI nn iI C 0

.6eanho ree -mCC an train dengronages par exempio.
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DISCL SSION

1I.A.Spikes. UK
I wot uld like to Ce ftrtcaiuli tilt afuthors on a iC n teresting piece of si trk. ( Iser the lasi two loi three Cats sic scen) to
he changing our tests, once more it, to the nature itt anti-wear and er finms andI are comngi to biesec~ theY canl he Aluite1
thick, uip to and oser I micron thick. 'itic hate reccuhs produced poitteric pittipitate film% sceiral tiioit thick trolln
phosphorate esters in pure rolling. Ho lothick do thc authors tinik that their tfilms formjed fit 1 (P1 are

Author's Replv
I he authotrs thank D~r Spikes fir his initerestinge renmarks and for [its qucstittus. In ounr experimnts. th 1ft1 has
pro duced ill Fl13Iatt tpe *t NcSContact. the fotrniatitin oft reacut: fifins. I he Ithickntess of these filmi t, atpproiinatCli' i). 1 to
0t. , iticrotis in all] cases. Il [tic case of thle tess ott thle roller i-it mtachine (mnachinte ai (aletj sic tate lever ofusersed the
fttrttatiiii ott filmis utnder cottinItiotuif pure rillinig I f1C to nillitoniof reactis f itms hais aito beeni o itsd ii the case itt
other addItiVS ( deterget%,s poithmers. ecI.) iud it se :ittd 1.) us itat the ticktness ittthese fuis wkas alitass senisiblI!
abiout itf the same order it illaitides. Trials are aitO curtC11 enIt II Mett tade in otur laliorattrs ti Initasur certaitn
titechattical characteristics of the film ) particularly elastic ntidlusl Ini hear). I lie first ttti tica uitis shtiN% ithat thre tftlms
hate aim elastic ititduls ot tlie oirder ofi I ito Ci'a Close 10 ithat Obtainied fur hight mttilecular mtass pitfTners.

J.F.(heialier, Fr
Hofiw canl sc assure ittirsclicesof repr~di iCIfhif Iiit the feedit (it tile fufbricant

Authors Reply
Ili the case itf the specitmen tests. t he feedingt ttf the lubricant dites tt pitse tmi\ prohibfit sittce thft specimitens arc
suibtmerged Ii the lubricat fteitng studied.

Ili the case itf the roller test machinte (nmacinit a e the tests are (if relai,.ch short dluatitti anid the feeditng itt tile
lubricant is done hi' itnjectiontt itirte cut ranice tii the cotntact i te. The speed of ititectititing ugoxiertiedf bY graN il>. " c
hasC niot obsrsed MN teiti'dUCIbilitV Priiblems reflated It the feeding ofi the liubricatt

B.AShotter. L
The: presence: i0 non -metallic or putfxmeric fims raises siome ittierestitt questiotns its, ft hint the henteficial action otfi
..iime addituives mai ti. ccur. Ili papenirakitig plain gearhi yes, cellulose fibres tn the oil eati bring aboult plastic

defotrmatioin oft the steel gears atnd tranispoirt itf t(le tototh conitact surface lavers. Perhaps fite it. 1 tit thick pitlvitrict
films in the clitstohu. tlrtid tiNamic conttact tivri itittlet act hN pritmioting a mechanical process that all file ftc aperi
Ciontact stresses f Includinge tractioin foirce%) to pritduce at plastic displacemntt it) the itsperit c%.I fins d isplacentient.
rather than it ar itr chenicill cr-rriut may he the signtificantt surlface inprutieiteil mnechaniiism Ili ntieripilit tg, plastic
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"ROOT STRESSES IN CONFORMAL GEARS-
STRAIN GAUGE AND PHOTOELASTIC INVESTIGATIONS"

BY

D.C. ASTRIDGE, B.R. REASON and D. BATHE

1. SUMMARY

This paper reviews the significant amount of analytical work on 'strong' gear tooth
forms carried out since the classical papers of Shutter et al., and presents the results
of a project which addresses a problem common to all three-dimensional photoelastic
studies of root stresses in gears - that of maintaining an accurate delineation of the
contact conjunction geometry throughout the stress-freezing cycle.

Photoelastic model results are compared with those measured by strain gauge methods
on the definitive gears.

2. INTRODUCTION

The conformal tooth form has been successfully employed in the final reduction stage
of the Westland Lynx helicopter main transmission and derivatives. Lynx has been in
service for a decade now, uprated versions of its transmission are in service with
Westland 30, and further development is in progress for growth versions of this commercial
helicopter. The conformal tooth form lends itself particularly well to this high power
application, where high power to weight ratio, large reduction ratio, and good tolerance of
shaft alignment variations are required. The differences in tooth geometry between
conformal and the more traditional involute are immediately apparent (see Figure 1), the
conformal comprising constant curvature working flanks, 'all-addendum' convex teeth on the pinion,
concave teeth on the wheel, anda helix angle necessary for conjugate action. The system is commonly known
as Wildhaber-Novikov (W-N) gearing, after Wildhaber (1) who patented the system in the USA
in 1926 and Novikov (2) in Russia in 1956. The more recent interest in the UK is
attributed to an article appearing in the Manchester Guardian Newspaper in 1958 (3). The
major advantage of conformals, anticipated at that time, was in overcoming the surface
fatigue limitations of machineable steel gears and the AEI 'Circarc' gears successfully
demonstrated this (4). However, it has been dis:overed from experience with Lynx gears
that the W-N form can have advantages for case-hardened gears also, even though calculated
maximum contact stresses exceed the normally accepted limits for involute gears, and high
shear stresses can exist at the case/core interface and beyond (5). This is explained in
terms of the radical differences in contact shape (Figure 2) - the relatively long, narrow
ellipse of the involute form being more susceptible to localised defects or departures from
the idealised form than the much lower aspect ratio ellipse of conformal gears and ball
bearings. Rather more surprising at first sight is the apparent discrepancy betweenmeasured root
stresaes, and those calculited using involute procedures and normally-accepted root stress limits for
high-quality, high-power gearing. Whilst work is continuing at Westland to determine the
ultimate limits of conformal contacts (ie. surface stress and lubrication), this paper is
concerned with root stress analysis and experimental validation. The sizing of conformal
gear pairs at the project design stage is accomplished adequately using Specific Torque
Capacity criteria determined from experience (an extension of the Lloyd's K factor concept
derived by Shotter(5 ). The ability to go beyond this and determine contact and root
stresses in detail is required for optimization of tooth geometry and refinement of life
prediction.

3. ROOT STRESSES CALCULATION

The method generally used for calculating tooth root stresses in involute gears is
based on the cantilever bending of an inscribed parabola (uniform strength beam), attributed
to Lewis (6). Extensions of this to account for stress concentration arising from abrupt
changes of curvature in the root region, tooth end effects, inclination of the load line in
helical gears, and other factors have historically been generated by experimental methods
(eg. the photoelastic studios of ref. 7) or by semi-empirical analyses (8), the results
of whic: have been embodied in involute gear design standards (eg. 9). However, this
approach is not reasonable for high strength tooth forms such as 'all-addendum' involutes
or conformals in that St. Venant's Principle is violated - simple beam theory can only be
used where there is a significant separation of load and support regions. The solution to
this problem has been tackled analytically by Shutter and Fowle (10) with their 'isotropic
wedge', and experimentally by strain-gauging (eg. 10), photoelastic modelling (eg. II, 12,
14), and speckle pattern holography (14). 2D and 3D finite element analysis techniques
have also been applied to the Lynx conformal tooth form (10, 13, 14). The two dimensional
photoelastic study by Errichello (Il) covered three tooth forms of greatly differing aspect
ratio, characterised by pressure angle:- 14.5', 300 and 47.50. The results with large-
scale models showed large discrepancies in root stress predictions for the stronger tooth
forms using the AGMA method, but good agreement using the isotropic wedge provided that
the latter results were factored by Dolan and Broghamer stress concentration factors (7).
Application of the wedge theory to different conformal tooth designs has revealed the need
for refinement to achieve acceptable accuracy in predicting the magnitude and location of
minimum in-plane stresses, and to predict stress distribution in the transverse plane.
The localised nature of the contact zone along the tooth produces fundamental limitations
of anilyses based on plane stress assumptions, as is revealed in the photoelastic results
of Allison (15).
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Three dimensional photoelastic modelling of a pair of conformal teeth loaded
together also runs into difficulty, however, that of faithfully maintaining the correct
contact geometry throughout the stress-freezing cycle. Significant differences in root
stress results were obtained from a well executed 3-D photoelastic study commissioned by
Westland, in which two different contact geometries were modelled. Another apuroach tried
(15) was to model one component only, loaded by a metal ram. The study described in this
paper addresses the problem of maintaining correct contact conditions in 3-D photoelastic
modelling of conformal gears. Strain-gauge measurements made on static and dynamic gears
at Westland are included for comparison.

4. CONTACT GEOMETRY IN CONFORMAL GEARS

French (16) produced an approximate analysis which predicted the contact shape to be
an ellipse distorted towards a banana shape with major axis in the direction of rolling,
ie. along the teeth. An exact analysis of Westland gears carried out recently (17), based
on an earlier generalised analysis method (18) predicts that distortion of the contact
ellipse is much less severe (Figure 3), having slight asymmetry about the major axis, and
a small inclination of the major axis to the rolling direction. Figure 3, which relates
to the Lynx conformal gears being modelled in this study, shows the gap contours for the
unloaded contact. This data is being used by Snidle and Evans (19) in their subsequent
elastohydrodynamic lubrication analysis of these contacts, but it is anticipated that the
distortion of the contact ellipse will not be markedly different from the unloaded gap
contours. There are other aspects of conformal gear technology that also depart from
involute experience but space limitations prohibit discussion of them here. It is note-
worthy, in passing, however, that good progress has been made in the difficult elastohydro-
dynamic lubrication analysis of this tooth form at high load conditions (19) and in the
disc machine simulation of conformal contacts since earlier (eg. 20) published attempts.

5. STRAIN-GAUGE RESULTS ON LYNX CONFORMAL GEARS

The results of an extensive programme of strain-gauge measurements on full-scale

gears in a 'four-square' arrangement at Westland were reported by Shotter (10). Whilst the
tooth geometry was broadly that of the gears used in the Lynx transmission, there are
differences in the precise tooth form and support structure which could influence the
absolute stress - torque relationships sought in corroborating the results of this photo-
elastic study, but the comparison will be made as a first order check. The general form
of the results from this earlier work is worth noting. Figure 4 shows the variation of
stress measured at the bottom of a pinion tooth root in the mid-plane (single tooth
contact) as pinion and wheel are barred round in small increments.

These results compared with those from strain gauges mounted at other positions,
show that the bottom of the root experiences the largest total range of stress, but not
quite the largest tensile stresses. The maximum compressive stress in this region is
significantly greater than the maximum tensile stress experienced through the loading
cycle, and thus there is a net compressive mean stress.

Whilst it was not attempted by strain-gauge placing to determine precisely the
location of maximum stress range, and whilst it was appreciated that factors other than
maximum range (eg. tensile mean stress results in lower fatigue life than stress cycles
with a compressive mean), the criticality of the bottom region of the roots was demon-
strated by the fatigue tests that preceeded the strain-gauge tests in this rig. The
influence of centre distance variation was investigated and found to have a noticeable
effect on stresses in the compressive region (Figure 5).

Subsequently, strain-gauge measurements were made on aircraft standard conformal gears
in a complete Lynx main rotor gearbox in test rigs at quasi-static conditions, and at full
speed. The gear configuration is shown in Figure 6. In these tests the pinions and wheel
were strain-gauged in the bottom of the roots only, in a direction normal to the helix,
at the mid-face and tooth extremities. A range of torques was investigated up to a
maximum resulting in a range of * 2450 microstrains. In the dynamic tests the strain-
gauge signals were transmitted via a 12 channel slip ring, one channel of which was used
for the pinion azimuth position indicator, a rotating potentiometer. The strain-gauge
signals were amplified prior to recording, the amplifier having a flat response up to
2.2 Riz. Overall variation in output, assessed from duplicate strain gauges in adjacent
tooth roots, and from the different torque settings was found to be - 3% for the pinions
and - 5% for the wheel in the single-contact mid-plane positions. The results for these
positions are summarised in Figure 7 in terms of average total stress range as a function
of torque on the strain gauged conformal pinion. The differences between the results for
pinion and wheel were within the variation quoted above, as were the differences for
single and twin input drive to the gearbox, for different gearbox mounting arrangements,
and for a 10' change in helix angle. The only signiicant difference was between static
and running conditions, the results for full speed running being as much as 25% lower than
static results at the highest torque condition. The frequency response of the strain-
gauge system was more than adequate to resolve meshing frequency phenomena, and the lower
values for running conditions are attributed to signal attenuation at the slip rings, or
to inadequate temperature compensation. The static values are, therefore, used for com-
parison with results from the photoelastic study.
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6. PHOTOELASTIC INVESTIGATION

6.1 Model Preparation

The models employed for the photoelastic studies were replicas of the conformal
pinion and its integral shaft and mounting flange together with a segment of the conformal

gear wheel. Both components were manufactured from "Araldite" CT200, silicone rubber
mounds being produced from the original conformal gear pair.

Figure 9 shows the mould for the pinion mounted in the casting box, an aluminium core

being employed to minimise thermal stress accumulation in the model upon cooling.

Casting was carried out in a heated oven (130C) under a gradually increasing vacuum

(1 in Hg/5 min), curing being over a 14 hour period. Slow cooling (2.5
t
C/hour) was

employed to circumvent the danger of residual thermal stresses.

6.2 Conformal Contact Simulation

It had been established in previous experimental work that, because of the relatively

large deflections occurring during a stress-freezing operation with conformal contacts
(the strain must be large enough to generate an adequate fringe order), the resulting area

of tooth contact on the model grossly exceeded that of the actual gear pair, with an

inevitable reduction in the models' peak stresses.

To circumvent this difficulty a calculation of the elliptical profile in the Hertzian

zone was carried out and a 0.004 ins. Beryllium Copper shim, photo-etched to this geometry,
was cast into the surface of a wheel segment tooth. The geometry of the insert was
produced under the assumption that the gear teeth were transmitting full load torque.

6.3 The Test Rig

Figure 10 shows the cast model components mounted in the rig prior to their mechanical
testing.

Torque is applied by a simple dead-weight and lever system, the latter being bolted
to the flange of the pinion shaft. The shaft itself is mounted in a rolling contact
bearing simulating it location in practice.

The torque is reacted out through the wheel segment which, meshing with the pinion

teeth, is bolted rigidly to a vertical pillar mounted in the hedplate. This carries slots
allowing gear centre distances to be varied by moving the pillar in the plane of the
bedplate.

A spherical bearing, clamped by a pinch-bolt to the pillar, allows adjustment of the
wheel segment, thus providing accurate alignment of the tooth mesh.

6.4 Photoelastic Test Procedure

On initial testing a torque of 2.3 Nm (1.69 lbf.ft) was applied under ambient

conditions to the model. The complete rig was then placed in a frozen stress oven and
gradually heated (2,50C/hour) to 1350C (the critical temperature of the "Araldite").

The temperature was held for one hour and cooling then commenced to iO F at the rate

of 2.5 C/hour. The rig was then uLloaded and kept at 50'C for 24 hours to avoid any
possibility of time edge effects.

The initial test, however, failed, since buckling of the segment flange occurred
around the four set screws securing the model to its mounting block (Figure 10).

U7sing the same procedure a second specimen was tested but stresses on the model flange
were relieved by interposing a wooden block between the new sepment and the haseplate.
This procedure successfully overcame the problem.

6.5 Slicing Procedure

Figure Ila shows the 'slicing-plan' the frozen stress model being cut with a diamond

impregnated slitting wheel.

The initial slice, taken normal to the loaded tooth face, was positioned such that a
whole tooth profile was produced on the adjacent tooth face. A 5 mm gap separated
subsequent slices, each new surface representing the datum for the next slice, the loaded
tooth being the datum length.

Upon cutting a new slice the pinion was indexed round by 2.50. This kept the cutter
normal to the loaded tooth flank (helix angle 15'-1l') and produced a symmetrical profile
for this tooth.

Slices were numbered according to Figure lb, tooth "I" being the loaded tooth.
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6.6 Analysis of Root Stresses

The purpose of the photoelastic investigation was to study the stress distribution

around the tooth root arising from single point contact and to correlate the maximum value
of the tensile and compressive stresses obtained with the values measured by strain gauging.

Stresses may be calculated by counting the number of fringe orders and converting

this to a model stress by the relationship:

2 f- x m.f.v. where a = model stressm t

fo 0 = number of fringe orders

m.f.v. = material fringe value (N/fomm)

t - slice thickness

The conversion of model stress to actual stress 'a ' requires the model stresses to be

factored by the relationship: P

Tp

p m x - where 'Tp' and 'T.' are the actual and model torques
Tm

6.7 Results

Figure 12 shows the isochromatic fringes of typical gear tooth sections. Since 't'

and 'm f.v.' are known 'o
' 
can be calculated.

Sections 12a-c are purely arbitrary to illustrate the effect of changing Hertzian
contact position. Unfortunately, subsequent to testing, defects were found in the batch
of resin used. This had the minor effect of causing local perturbations in the fringe

locii. The fringe orders however, were unaffected, these corresponding to other previous

tests results under the same magnitude of applied torque.

Using the maximum value of prototype torque (253Nm (1866 lbf.ft)) and the model
torque of 2.3Nm (1.696) the ratio Tp/T

m 
may be calculated . Calibration of the model

material to establish the stress optic coefficient or material fringe value (m.f.v.)

enabled the model stress to be determined from the fringe patteris, the thickness 't' of

the slices being 2.54 mm.

Results from the photoelastic studies are shown as a graph (Fig. 13). This graph
delineates the variation of root stresses (tensile and compressive) for the loaded

tooth, along an axial locus traversing the tooth's helical flanks.

The maximum tensile stress established was 396 MPa (57,400 lbf/in') the maximum com-
pressive stress being 583 MPa (84,500 lbf/in ). It is seen that whilst the tensile root
stress has a certain predisposition to symmetry about its maximum, the compressive stress
displays a certain asymmetrical profile. The positions of the maxima do not, further,

appear to be coincident.

7. DISCUSSION OF RESULTS

7.1 High Root Strength of Conformal Toothform

The high root strength established for conformal gears in fatigue tests on full-scale
gears, and long experience with them in the Lynx transmission arises from the 'stubbiness'
of the tooth form arising from 'all-addendum'pinion action. Clearly the strong root form
is not subject to the bending action that occurs on unmodified involute teeth and the use
of the term 'root bending' stress is, therefore, inappropriate to the stronger root forms.

The root stress analysis techniques derived for normal involutes are, therefore,

unsatisfactory, and the isotropic wedge analysis has been shown to be more useful,
although further refinement is necessary, The theory reasonably predicts the dominating
compressive stress component of the overall root stress cycle, demonstrated by the strain-
gauge and photoelastic results. The critical stress region in rormal involute teeth

occurs relatively high on the root fillet and is subject to a reversing tensile stress. In
the conformal teeth studied here the critical stress region is much closer to the bottom
of the roots and is subject to stress cycles with mean values well into the compressive
region. Shotter (10) showed this root form to be capable of endurance limits with much
greater stress cycle amplitudes than the normal involute, as indicated in the Goodman

Diagram in Figure 8. The increasing upward trend of the alternatinp stress limit in the
compressive mean stress region has been substantiated by extensive tests in the Westland
Materials Laboratory on fully carburised steel push-pull test specimens designed to
reproduce the conformal root geometry. The trend was confirmed up to the maximum mean
compressive stress tested (200 MPa).
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7.2 Location of Critical Stress Region

From the photoelastic results for these gears from ref. 15 the maximum stress range
extended over a region between 14' and 23' from the centre-line on the compressive side,
the latter limit coinciding with the position of maximum compressive stress. However,
the critical region relative to fatigue life is that for which the stress conditions
(range and nature of mean stress) are closest to the Goodman limit line. Translating
the results from ref. 15 for the Lynx conformal wheel to the Goodman Diagram of figure 8,
and measuring proximity to the limit line, the critical region appears to be between the
centre-line and 30' on the tensile side. However, the margins on the compressive side
are not much greater and in reality the critical region probably extends ± 30' from the
cent re- line.

7.3 Nature of Stress Field in Roots

The photoelastic results from ref. 15 indicate large surface stresses in the trans-
verse direction in the critical region. It is not safe, therefore, to base analysis on
plane stress assumptions.

7. 4 Comparison of Strain Gauge and Photoelastic Results

A comparison of the results obtained photoelastically with those obtained using
strain gauge methods (Fig. 4) shows surprisingly close agreement for the tensile root
stresses when the experimental divergence of the two approaches is contrasted.

The discrepancy between the compressive results, nevertheless, appears, on a cursory
inspection, to be appreciable, the strain gauge results showing some 800 MFa(116,Of ibf/in')
against 583 MPa (84,500 lbf/in

2
) from the photoelastic approach (a difference of 27%).

7.5 Effect of Variation of Centre Distance on Root Stresses

A factor, however, which may have distinct relevance to this result is indicated in
Fig. 5, which illustrates the effect of variation in centre distance on the peak stress
values recorded by the root strain gauges.

In general, the magnitude of the peak tensile stress in the root of the loaded tooth
is unaffected by variations in the true centre distance. On the compression side, however,
the variation of centre distance produces a marked change in the magnitude of the peak
compessive stress, a change of 0.127 mm (0.005 ins) on either side of the correct centre
distance producing a variation of some 19% in the recorded peak to peak stress values.
The applied torque in this case is, furthermore, some 22% less than that pertaining to
Fig. 4, the inference being that changes in centre distance at higher torques produce a
larger commensurate change than the 19% already indicated.

7.6 Change of Centre Distance in Photoelastic Model

Though every endeavour was made during the photoelastic investigations to simulate
as far as possible the contact situation occurring in practice, the marked effect of
centre distance on the magnitude of indicated peak compressive stress was certainly not
realised. ndoubtedlv, under the torque applied to the heated model on outward bowing
'f the pinion shaft took place (manifested by small angular movement of the pinion). The
seAment support pillar itself, must, additionally, deflect in the vertical plane, Both
these movements would, essentially, produce the effect of an increased centre distance,
a condition which, as shown in Fig. 5. reduces the recorded value of peak compressive
stress to a marked degree. In the light of these findings the test rig has now been
extensively modified, the segment support unit being redesigned bo-h to allow a closely
controlled adjustment of the centre distance (so that the effect of this may be monitored)
and to minimise any flexural movement. Pinion shaft support diametrically opposite to
the contact zone has also been incorporated.

7.7 Effect of Shim Implantation in Contact Zone of P.E. Model

The technique of shim implantation in the model, to simulaze the contact geometry
produced in practice, is considered to have been particularly successful. Fringe
'feeding' from the Hertzian zone undoubtedly influences the rot stress on the compressive
flank more than on the tens;le (a probable factor in the peak stress magnitude differences
shown in Fig. 13) and indihates the importance of closely mode'ling the geometry of the
tooth conjunction during the stress-freezing process. Further work in this area will
assist, additionally, in a better appreciation of the localised stress distribution in the
Hertzian contact zone proper. A further factor, yet to be investigated, is the local
effect of the high modulus shim material (in comparison with the lower modulus material
of the P.E. model) on the general fringe distribution.

7.8 Influence of P.E. Results on Conformal Tooth Analysis

The variation in both magnitude and distribution of the stress field axially along
the tooth, revealed by the photoelastic results, reinforces the belief that any two
dimensional plane stress analysis is inappropriate to the conformal gear contact problem,
not only for the Hertzian -,ontact per se but for a delineation of the root stresses,
since the two appear to be interconnected. This is, generally, not the case with the
standard involute form. In the light of the results it would appear that a three
dimensional analysis linking both localised Hertnian contact stress and root stress is
required.
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8. CONCLUSIONS

8.1 The experimental results (strain-gauge, photoelasticity, and holography) for the

conformal tooth form used in the Lynx helicopter transmission and for other st ong

toothforms have demonstrated that:-

i) Cantilever beam theory used for normal involute toothforms is totall,

inappropriate as is the associated terminology 'tooth bending'.

ii) The critical stress region in respect of fatigue failures lies within t 3
0
'

of the root centreline.

iii) Within the critical stress region the material experiences in-plane stress

cycles with tensile and compressive turning points, and compressive mean;

plus significant stresses in the transverse plane.

8.2 Push-pull fatigue tests carried out on carburised gear steel specimens shaped to
reproduce conformal root stress conditions have demonstrated that the fatigue
limit continues upwards into the compressive mean stress region. Conformal tooth
forms studied thus make better use of the material strength characteristics, and
therefore offer benefits in root strength as well as surface strength relative to

normal involutes.

8.3 The isotropic wedge theory (10) is much more appropriate to strong tooth forms than
modified cantilever bending theory, but requires further refinement to obtain

sufficient accuracy in predicting in-plane stresses. Analyses based upon plane stress

assumptions cannot predict the significant transverse stresse, measured. Three-
dimensional finite-element analysis thus appears necessary at the present time in

situations where the Specific Torque Capacity approach (5) is inadequate.

8.4 A technique has been developed for enhancing the accuracy of contact simulation in

frozen stress photoelastic modelling. The results of the general three-dimensional
stress distributions recorded indicate that localised stresses in the Hertzian

contact influence both magnitude and distribution of the conformal tooth root

stresses, particularly in the compressive flank. The modelling of the geometry of

the contact conjunction further influences PE. results, to a yet unknown degree.

9 RECOMMENDATIONS FOR FUTURE WORK

The complexity of the three-dimensional stress distribution in conformal tooth
meshing revealed by this study indicates that, from the analytical standpoint, a 3D Finite
Element approach could well provide an enhanced appreciation of the theoretical problem.

The correlation established between the separate strain gauge and photoelastic studies

indicates their complementary nature. The importance of close integration between these
two areas of experimental study cannot be over-emphasised, particularly in simulating

working effects such as ge.r misalignment, deflections of shafts and gear teeth, centre
distance effects and bearing support compliances in the experimental model itself. By a

total approach such as this, the inherently high root stress capacity of the conformal

gear may be optimised to its greatest advantage.

10 ACKNOWLEDCEMENTS

The authors would like to thank the Directors of Westland Helicopters and Hovercraft

Limited for permission to publish this paper which reflects the views of the authors.

They are also indebted to the many who have undertaken the strain-gauge tests and materials

evaluations, especially Mr. P. Sartin and Mr. A.V. Olver.

II. REFERENCES

(1) Wildhaber, F. "Helical Gearing", 1926, US Patent No. 1 601 750.

(2) Novikov, M.L., 1956, USSR Patent No. 109 750.

(3) Manchester Guardian, "Soviet Technology", l1th November 1958.

(4) Wells, C.F. and Shotter, B.A. "The Development of 'Circarc' Gearing", AfI Engineering
March/April, 1962.

(5) Shotter, B.A. "Experiences with Conformal/W-N Gearing",oEPIC World Conference on
Cearing, Paris, June 1977 (printed in 'Machinery', 5th October, 1977).

(6) Lewis, W. "Investigation of the Strength of Cear Teeth", Pro , of the Engineers Club,

Philadel hia, Pa 1893.

17) Dolan, T.J. and Broghame, F.L. "A Photoelastic Study of the Stresses in Gear Teeth

fillots", university of Illinois, Experimental Static': Bulletin No. 335, 1942.

(9) Wellauer, EJ. and Seireg, A. "Bending Strengths of Gear Teeth by Cantilever Plate

Theory" eln . of Engineering of Industry, Trans. ASME, August, 1960.



2o-7

(9) AGMA Std. 221.02 "Rating the Strength of Helical and Herringbone Gear Teeth", July
1965/1970.

(10) Shotter, B.A., "A New Approach to Gear Tooth Root Stresses", ASME Paper No, 72-PTG-42,
1972.

(11) Errichello, R., "Bending Stress in Gear Teeth having Circular Arc Profiles" ASME
Paper No. 77-DET-52, 1977.

(12) Lingaiah, K., and Ramachandra, K. "Photoelastic Optimisation of the Profiles of
Wildhaber - Sovikov Gears".

(13) Brighton, D.K., "Application of Finite Element Techniques to the Stressins and
Improvement of Conformal Gearing", RAE Technical Report 77095, (1977).

(14) Lawson, T.T. "Static Analysis of Conformal Gear Teeth using NASTRAN Finite Element
Analysis with Practical Verification by Holographic Techniques", Westland Internal
Report RP602, 1979.

(15) Allison, I.M. "Photoelastic Study of Conformal Gear Stresses", University of Surrey,
April, 1982.

(16) French, M.J. "Conformity of Circular-Arc Gears", J. Mech. Eng., Science 1965,7 (No. 2),
P 220.

(17) Dyson, A., Snidle, R.W. and Evans, H.P., "Wildhaber-Novidov Circular Arc Gears,
Part 1: Geometry and Kinematics", University College, Cardiff, October 1983.

(18) Dyson, A. "A General Thecry of the Kinematics and Geometry of Gears in Three
Dimensions", Oxford University Press, 1969.

(19) Evans, H.P. and Sindle, R.W., "Analysis of Elastohydrodynamic Lubrication of
Elliptical Contacts with Rolling Along the Major Axis", Journal of Mechanical
Engineering Science. Proc. I.Mech.E, Vol. 197C, September, 1983.

(20) Astridge, D.C. and Longfield, M.D. "Capacitance Measurements and Oil Film Thickness
in a Large Radius Disc and Ring Machine", Proc. I. Mech. E., (1967-1968) V 182, Pt. 3N.

(21) Bathe, D., "A Photoelastic Study of Stress Distributions in 'Novikov' Gears". MSc
Thesis, School of Mechanical Engineering, Cr-nfield Institute of Technology, (1982-
1983).



CONFORMAL

FIGURE I COMPARISON OF CONFORMAL AND INVOLUTE TEETH

CONTACT LENGTH

:.MAL

M)-.fI IIEITTAN STRESS

CIOFAL77 MlAMa

COTCTATLNT

FIGURE 2 COMPARISON OF CONTACT AREAS AND STRESSES

F OR INVOLUTE AND CONFORMAL GEARS OF SIMILAR

PITCII CIRCLE DIAMETERS ANfl TANGENTIAL LOAD



-1 cm

SIMING VELOCITY 0.06m/rel

P

EDGES O PINIO

(p) AND WHEEL (WF)
CUCULA ARCS

MPB 65.1 2662 Nm PINION TORQUE

TOOTH ROTATION

(ONE TOOTH SPACE)

zoo - - - STRAIN GAUGE RESULTS

(BOTTOM OF PINION ROOT.

MID-PLANE. NORMAL TO HELIX)

00 FROM WSESTLAND

'FOUR-SQUARE' kEAR RIG

X-CRANFIELD P-E RESULTS

0

FIGURE 4 CONFORMAL PINION ROOT STRESS v ROTATION



MPa k ps

20720 No, PINION TORQUE

5 TOOTH ROTATION

0/

INFEUENCECNTR OCET- DISTANCE OTSRSE

CO00MA ROTOORMAL

INFUECE OCNRITN C ONRO SRSE

INPUT PORT

I NPUT

FIGURE 6 LYNX HELICOPTER - GEARBOX ARRANGE oIENT



VPa kop, L

10

0 STATIC

U - PINION
SQ x- WHEEL

4 -

oo z

oo /,

o PINION TORQUE

b-in(XIt00 )

/ • e . lo I 14 loo Nm

FIGURE 7 SUMMARY OF STRAIN-GAUGE RESULTS FOR

CONFORMAL GEARS IN LYNX GEARBOX TESTS

ALTERNATING STRESS

CONFORMAL ROOT STRESS CHARACTERISTICS
FROM P-E RESULTS (REF 15)

CONFORMAL MATERIAL FATIGUE ENDURANCE LIMITCRITICAL (CARBURISED GEAR STEEL)

INVOLUTE CRITICAL STRESS

COMPRESSIVE 7 TENSILE US

MEAN STRESS

FIGURE 8 COMPARISON OF CR'TICAL STFRESS CHARACTERISTICS FOR CONFORIAL

AND INVOLUTE TEETH IN RELATION TO MATERIAL STRENGTH

COMPRSSIV 0-% TENSILEmm '-• 'm' • TSm



FIG.9. Cutaway of mould showing core
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Cof iguraion Number of ,tages Number ,f gears Number of bearings

A 2 7 14

B 2 7 14

7 14

TABLE 2

All the con~grations ha-. b-e, designed -without using epicyclic trains. This is she mate

dLfference incmparisn with -misring gearboxes several considerations are responsible for such

choice and thes will be anal-ed la-er on.

For each de ign oifiguration we have considered several solutions ob-ained dividing the total

re.ductin rati n i dfferent manners between the single stages.

The eoaloarin of the fotrnfrgrats wi be corned oit making cmparis,, with a typicl

main geaehon for a tars engined helicopter of the present generation.

In h, activity all 'he apprecratin iuni ns are taken into account separatelo.

A. Weigh,

The graph rf frgur. -c --os h herights of the main transmission elements (gears, shafis and bearrngs),

scaled to the nit alue f the weight of the typical gearbo., for all the solutions tahen into

account. The weights -ire considered versus the reduction ratio of the last stage of she transmission.

B. Reliability

The graph of figure II shows t-he reliability calculated for the four desigo tonfigurations '-n a

Wdibull's paper. These vaIu's have boen btained considering the main transmission elements only.

The law versus time is epoential of the form R (t) Exp (-A x /6 )A ) being f1.7. As a comparisn

she same graph shows the reliability of -ho topical gearhvn.
The reliability increase shown is due both to the reduced number of components and to the incresed

reliability of some components.

Partiiularlo for all the solution the foilowing requirements hare been set up:

- Minimum life ,,r f ah baring st-sib0h Bli

- Minimum life for gears and splines: 2ijOifh Bll

Materi-ls used and treatments to b performed are listd in Table 3 for all solutions.

Gears ANS 6265 Carburied

Ring iear 32 CtV 13 Nitrided

Bearngs 1 fOi C AISI 52100 (M50)

Shaft : AMS 6415 Hardened & Tempered

FABLE 3
The rthubio and the osts have bein calculated considering otIl the hearings made )f I0O ih.

If -a" t,r she most critical brarings, the use of M5i we obain fo she main transmission

hat, an increase of r,ability ',- -r.d lines in fig. I I and an inc rase of i-ost (m15 Iperenti.
bi, - ha 'he number f h-use . ohi-h we ha a re iabilit, of 5Wi fir each tonfiguratiun and

fr the topiral gach x. In she f-r%, an-d i the s'cnd line there ire rise vilue obtained using

beainKs made I fN) Tb, and MSui rcspc --vl 0 ,

l'opii I ,BN B C

Rn ri fr's IA, qisi Visit S9;it airiti
,fll'bilL 

V 
1 ) 19,1 0 1490 ( 1 1ABL

I ARI,E,



EVVIX lI Fi tFlE IFS l(lN IETHII lulS FR HilEIv'PTER

MAIN TRANSMISIN ihAFZhOXES

C.. ff1111 and L. TARRICONF

Dirnaine lrogottaa-n

FIAT AVIAZIONIE

Corso Ferroco i 122, Ili)0 Tori no

SI MMAR Y

Tb, paper shows the eVoIln-ion of the design t-' [it iiqo.' dp-, I Ato I0 HAS N2< '1 ht h,' ol.p

in-i oIt mso gA rb ones b y -neas o f t he des rp t ies F tfhe, me chanoi calI osicde i ed I r tI AL R PAl Ai1d

be p.es A 321. 'IA 33i), SA 361o, SA 365.1

Tbese h-Fiical -1.o tions baoe fol lowed a development strict Is related to the -ostiner required specific

A-.C-nsde ring tbe past and present evolntion we can foresre tbe fuoar e o-lopmesr trend.

A, "Iexoplanatrye example, an advanced main transmi ssion gearbon for .,mediom t-n engined hel coptcer

it o-nterd and some design solutions are, shown.

FiAt AVIA2IiiNF bave acqoired a long experience in tbe field of helicopter main tranomisiv goarlioes.

in, biv alt <ts is is of great importance she cooperation witb tbe Frencb Fleet AfRiIFATIAL: ahicb scirrd

in aN' with the cob-otra-l of mechanical groups for tbe SIKOSKYT 58 helicopter. (inch cooperation co~

esed with sbt design, the deoeiopment and the manufaotnre of neohanical transmissions for the IA 321 Super

reloni. IA 330' Puma. SA 360 single engine Danphin, SA 365/36h twin haophin helicopters.

The ftgores I to 4 show the main gearboxes of snob belicoptees, hoeing the sears of snob activity the

t-f qoht -,uo hove shown a great evelot ion doe to changes in user's requ irments.

It we anaivee an ordinary main transmission gearbox for helicopters in fonctionalI teems, we can identify

three honds of independent functions (see fig. 5).

It tose fonctions: these are the functions which define the operating fevtnres of the gearbox.

2) Appreciative functions: these are the fanotions which define the appreciatcion of she gearbox by the nter.

3i Imposed fomotioni: these functions aee imposed hy the customer. It is a question of some requircements sh-n

mast, ho tahken Into actount darting the design activitp (e.g. interfaces, flange specifications.,eeterail

d-inives etc .1

leaving aside the imposed fusnclion requirements. the choice among the different design solntivons that

sisfs 'It.' 'iv fusctivns depends uon the parame tees defining the- appreciation functions. Theon the absolute

adrelative weightIs assigned so, she appreciation funct ions during the design activity. are she reaive who

in different times different svmiiirations have- been chosen.

Totisidering she more retest reqnirements we can foresee which design solutions will be valid for agearbox

t e made available in the late eighities.N

As as exainple etbse considerat ions will he duI e wish aeoct 'valylite . nii geil'. lt-'

medt- im a- inegined licet ptee. The main design requirements scvnsidered are listed below in the Tah.

I)FIIII.N RfisII11MENTI

Input power 2 b 50 lIP
I n ,0( I i ti

Inpu t speed 6,00ii RI'm

Maitno y speed I85 RIPM

Tail I tr I nr spt I' v) RIM

Drve acIessor1i esI I Ice 2' d -lodn I 1-pom

I AtC. genrter

2 , ill pumps,

I Brake

LuLricativn -t ' Snthetic oii conforming to Mll -.- 23baa

IdijlJf I

1e-sg -he suhiect vo% genreal, all she considerat lions made( later on will he alivot Ii,' main -riesiission

chain. The '".lusins 'f 'he" analssis could he infloenced As' the characteristics of tlb' ossidered enample.

R ' 1 Ni 1; '

ioesideeiog the- eos ene''s o -v Table I f-irliffereet main georhen iotiot -ioi--'.r

:'-'al-- ;u' ni ftg.5 A, us c-o A, H, 1 Iare repc vl hown iiin she Table, 2 their m:
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DISCU SSION

R.IDrago, UTS
F[lave you loioked at the po~ssibility of building a large. interconnected ( ili Model usinig the ('rayv computer.' Flow wotuld
this high speed nmachine impact yoiur interesting approach.'

Authr's Reply
If gh speed co mputers will allows more accurate coimputatioins such as time hisory analyses 'ii ii' n-linecar system%.
Other%%ise they% A l not affect the considerat ioins presented in the paper% aIch will make the: . dv. more accurate
systenm identificatiion) and inure convenient I conmparentsynthesis).

D.(.Astridge. LJK
I wiiuld like tii pay tribute to NMr Berman and his ciilleagues at Kaman for demniiist rating (he need for analysis of the
complete gearbiix as at sy stemn and] for their useftil wiork ion anal , s is dIa ta comnp re ssNio n anid han dlIi ng. I I i s clatim t hat fiiteI
clecmentI a nalysis tIech n iques a re not ap priimra tv cinfl ict s 'AItIh iPucr ex perhence ini car r)ying ouit a i ciinp lete Cys te ni at i tk sis%
ofoiur Lynn main transmissiiin - hut perhaps the sim 'plicity iif this gearbiox cionfiguratiiin accounts fur iiur successful
applicatioun of FLA toi the predictiont iof mo dal and foirced respounse at frequencies tip to 2.5 KI Iz. UsNing iiur WISF)OM
pre-puist-prucessung facilities munuted on at I )E( 11 -45 ciomputer and NIS(' Nastran oit iiur IBM 301 m 1ain frame,. we
cuimpletedl the analysis oif 4 load cases usitng 14 mitnutes oif ('PUI time* ,n the latter. The model comprised 200011 grid
point%, proiducing 10.tt000 degrees tof freedom, and was used to analyse the differences beiweeni the original
coiguratioin iif this gearhiox and the uprated *puiwr-sharing'versiiin % hich countributedl tii the nieasured cabin nise
reductiiins iof up tii 9) dl at the iiutput stage meshing frequency 1461t1 I)

Author*% Reply
Your experiences are noiteworthy and you are tithe coummended fur their success. If yiiur analyses truly represenit the
dynamics of the ssstem. yiiu should be able tio optimize the counfiguratioun tiu ubtaun a t rue minimurn of interioir nioise
within the design coinstraints



a repository fcr advanced technology related to all aspects of this problem. The program
performs a generalized component synthesis function. A library of 'technology modules,"
which is readily expandable, contains analytical representations of various components
where each is treated as a free body. The library also contains force and solution

algorithms. A user of the system may develop a "model" consisting of an arbitrary set of
component types, each augmented by the identification of the appropriate set of data and
an arbitrary forcing function. The model then is formulated numerically and various
solution methods may be applied to the resulting equations.

The general architecture is such that all the procedures described (and illustrated
in Figure 1) may be incorporated. When a new or improved analysis method or component
representation is formulated, it may be added to the technology library and becomes one
of the available "modules" for use in executing a coupled analysis.

An overview of the program libraries is shown below in Figure 2. A more detailed
description may be found in Ref. 7.

MODELING DATA LIBRARY
STORES DATA, MODELS

TECHNOLOGY

USER EXECUTIVE SYSTEM LIBRARY
INPUT

STORES

ACCEPTS MANAGES DATA, COMPONENTS,
DATA, COUPLES COMPONENTS, FORCE, SOLU-

COMMANDS EXECUTES COMMANDS TION ALGORITHMS

Figure 2. Overview of DYSCO Program

8. CONCLUDING REMARKS

In this paper, the problems associated with the prediction of resonant amplification
of transmission gear noise is discussed. It is concluded that substantial practical and
theoretical difficulties exist.

Certain techniques are suggested which can help to make the solution of this problem

a practical reality. These include:

Independent component representations;

Use of test data to improve or develop analytical models;

Reduction of coordinates in the frequency domain;

Component coupling to evaluate various configurations and parameters;

Use of a generalized computer program to incorporate all the features of Figure 1
and serve as a repository for technology.

The problem is difficult, but not hopeless. Well directed research, and continuing
improvements in the technology of analytical modeling and dynamic testing combined with
advanced software to take advantage of new larger, faster, more economical computers will
all help to bring this complex problem under control.
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points at which forces may be applied. This process can reduce the size of the problem
to be solved by at least an order of magnitude or more.

The reduction process may be represented as follows. If the impedance matrix
[Eq.(4)] is reordered so that the degrees of freedom to be retained are in the submatrix

Z (w) = [ T Z](5)

Z2
T  

Z 4

then the reduced impedance matrix may be written

-R(.) - Z1 - Z2 Z I ZT (6)

Each of the reduced models at all necessary frequencies can be stored on a data base
and will be directly available for use in the analyses of configurations.

The exact reduction process is only possible for frequency domain models and thus
this formulation is suggested whenever it is technically appropriate. The relatively
small number of discrete frequencies of interest also tends to make this an efficient
procedure.

6. COMPONENT COUPLING

In the frequency domain or the time domain, the coupling of component analytical

models to form the equations of the complete system can be quite straightforward. 3,6
Given a transformation matrix T., which relates the displacement vector of component i,

Xi, to the displacement vector, 1X, of the complete system:

X = Ti X (7)

then the impedance matrix of the system can be written as:

Z(W) = [ T' Zi(w) Ti  (8)

where the summation is over all the components. As shown in Ref. (6), the transformation
matrix may be readily formed as long as the coupling of the components may be expressed
in the form of a linear relationship between degrees of freedom of the components. In
the simplest case where two displacements are equal (such as, a shaft displacement
coordinate equals a specific bearing displacement) the relationship is of the form:

X I = X2  (9)

In a more complicated condition where a physical displacement interfaces a modal repre-
stntation of a component, the relation will be of the form:

X, , [ ai qi

where the q's represent modal amplitudes and the a's represent the mode shape displace-
nents at the point of attachment. In either case the formation of the Ti matrix is a

straightforward process which has been automated in existing computer programs, such as
DYSCO (Ref. (6), (7)].

Given the equations of the components (e.g., the impedances), and information
regarding the geometry of the coupling, such a program could automatically form the
equations of the coupled system, retaining only a set of Independent coordinates. The
program then would have the capability to apply various solution algorithms, such as,
computation of the forced response of the system at each frequency of interest. Indivi-
dual components could then be modified or components such ar vibration absorbers could be
added and the coupling and solution could be repeated to assess the effectiveness of the
changes.

It is also possible to provide a post processing featu-e to the program to allow the
solution of each complete component of interest when each is treated as a free body acted
upon by the interface forces determined in the coupled analyses. The interior vibration
of the fuselage, for example, could then be obtained for each configuration of interest.

7. DISTRIBUTED TECHNOLOGY

The technologies involved in this problem may be classified as multidisciplinary.
It is also true that specialists in the various areas are located in widely separated
research organizations. In general, each researcher has an analysis method (computer
program) that treats his area of specialization in detail, but may contain only a
simplified representation of the related fields. What is required is a means of
consolidating all the highest levels of the technologies into a single a-alysis method,
and have that method available to all interested users.

The DYSCO program 
6 7 

is an example of a system that has such a capability. It is an
executive control system that has a sottware architecture which will allow it to serve as
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representation resulting from a prior finite element analysis. The rotor system may be
represented by an analytical impedance formulation.

Another advantage is that the models of individual components may be separately
modified pr enhanced with increasing detail during various stages of the design and
the development of the hardware.

A third benefit of the component synthesis form of analysis is that studies of
modified designs may be conveniently carried out by changing only the analytical models
of the components affected.

4. USE OF TEST DATA

When actual physical components are not available, the analysis represents the only
known data and best use of it must be made. However, since the prediction of the dynamic
behavior in the relevant frequency range is expected to be poor, analysis alone is
unl: fly to be adequate, except, possibly, for the prediction of trends. The formulation
of such an analysis may be used as a base to be improved upon when additional data
becomes available.

When the hardware of any components exists, there are several ways in which testing
can be of great value. Suggestions are made below which should be considered depending
on the specific conditions and structures involved.

Any component that interfaces with other components at a small number of locations
may be modeled directly from test data. The most direct approach is as follows. The
structure is excited at each of the degrees of freedom of the interfaces and the applied
force and the responses are measured at all of these degrees of freedom. This procedure
is repeated for each frequency of interest to form mobility matrices. The measured
matrix elements (aXi/af i) form a mobility matrix, Y, where

Y(w) fC.) = X(W) (3)
or, from Eq. (2)

y(.)-
1 

= Z() (K -
2
M + isCi (4)

The inverses of the mobility matrices may be treated as an analytical model and may
be directly coupled with other component representations. Great care must be exercised
in this application, since measurement errors tend to be magnified in the matrix
inversion. In addition, the measurement accuracy required increases very rapidly as the
order of the matrices grows beyond a small number.

8

In spite of the potential difficulties associated with this procedure, it can, under
the proper circumstances, be quite useful. It may be possible to obtain a valid appro-
priate model of the entire airframe by the use of this technique. In order to simulate
the appropriate boundary conditions, a soft suspension system must be used and care must

be exercised to insure that the responses are in the linear range.9

Other components may also be candidates for such a procedure, such as, the tail
rotor and tail rotor drive modeled at the transmission interface. Interfaces with other
components must be taken into consideration, including drive shaft supports attached to
the fuselage.

When a component has been represented by a derived mathematical analysis, testing
can be used to confirm the validity by comparing the natural frequencies and modes of the
component with those predicted by the analysis. If satisfactory agreement is not
observed, the model may be modified by an iterative intuitive process until consistency
is achieved.

More automated processes for model improvement are presently be~ng researched under
the general area known as "structural system identification." An excellent review of

such procedures has been published by Ibanez.
10  

Specific applications to a helicopter
transmission housing are given in Ref. 11, 12 with a more advanced version of the
technique given in Ref. 13. This specific procedure results in an analytical model wlich
is still related to the structural characteristics but contains the precise natural
frequencies and modes as measured on the structure.

5. REDUCTION OF DEGREES OF FREEDOM

For components which are analytically represented, considerable modeling detail is
required in this frequency domain. The very large number of degrees of freedom of the
coupled system will result in very large computational coats. Considerable economic
benefits result from a procedure which can reduce the size of the problem without loss of
accuracy.

Such a method, for frequency domain applications has been applied to transmission

analyes.
4  

This procedure allows the modeling of each component to be as detailed and
complex as necessary. However, before use in a coupled analysis, the model is reduced so
as to include only the interface degrees of freedom, plus any others necessary, such as,
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frequency phenomena, it is unlikely to be so for acoustic range dynamics. Any phybically
attached component whose dynamics will influence the natural frequencies of the trans-
mission system must be included in the analytical model. A priori assumptions regarding
the validity of such special simplifying considerations are inappropriate.

Thus, it appears that the task required is to model in considerable detail: the
entire drive system including all gears, shafts, bearings, housings; the fuselage and all
its components; the rotor(s) and engine(s); and all shafts, couplings ani other attach-
ments. Not only would such a project be very expensive in terms of personnel and com-
puter resources, but it is unlikely that sufficiently accurate predictions would be
obtained.

The procedures suggested in the following sections will reduce the cost, increase
the accuracy of the analysis, and will bring the solution of this aspect of the general
problem into the realm of feasibility.

2. GENERAL APPROACH

Several concepts which can make the entire process more manageable, more efficient,
and more accurate are defined in the following sections. They are briefly described
below.

It is possible and convenient to treat portions of the dynamic sstem as separate
entities or components. The components may be modeled using techniqu s appropriate to
each. It is not necessary or desirable to model the entire system as a unit using a
single type of analysis procedure, such as a finite element method.

Dynamic testing may be performed on each component, if the hardware is available, to
improve the analytical model. Under certain circumstances, the test data may be used
alone to represent the component's dynamics.

The number of degrees of freedom of individual component models may be greatly
reduced with no loss of accuracy when working in the frequency domsin. This also greatly
reduces the size of the coupled analysis problem and is an important cost saving
technique. The reduced models may be stored and later retrieved as required without
repeating the prior analysis.

The component representations car be analytically combined into various
configurations including modifications of particular components to assess the effects of
structural changes.

This general procedure is illustrated in Figure 1.

3. COMPONENT ANALYSIS

The treatment of complex structures as a combination of components has become common

practice since the important publication on the subject by Hurty.
3  

Numerous related
procedures have been used and specific applications to frequency domain transmission

analysis were developed
4 

and applied.
5  

A general time domain software system for this
purpose has been reported in References 6, 7.

The forms of the equations (for a linear, viscously damped system) of each component
are as follows. The time domain representation is:

mi+ CX + KX - f(t) (1)

and the frequency domain representation is:

(K - W
2
M + iwC) X(.) - f(-) (2)

where M, C, K are real, symmetric nxn matrices representing mass, vicous damping, stiff-
ness, n is the number _CJndependent degrees of freedom, w is the frequency of the
applied force and i -/ -l. f is a vector of applied forces it each degree of freedom
and X is a vector of the displacement of each degree of freedom. The degrees of freedom
may be physical displacements (and rotations) or generalized coordinates, such as, modal
amplitudes. In Eq. (1), f and X are functions of time. In Eq. (2) f and X are complex

amplitudes of ei
ut .

The equations of the complete coupled system are of precisely the same form as Eqs.
(1), (2).

There are a number of advantages to using a synthesis method which will allow
separate analyses types for components.

First, each component may be modeled in a most appropriate and effective manner.
For example, a housing structure is likely best analyzed by a finite element method. A
shaft component may more effectively be treated with a specially developed analysis which
takes advantage of its beam characteristics and axial syinetry. The entire fuselage may
be represented by a measured impedance matrix (at each foreing frequency) or by a modal
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TRANSMISSION OF GEAR NOISE TO AIRCRAFT INTERIORS
PREDICTION METHODS

by
Alex Berman

Kaman Aerospace Corporation
Post Office Box 2

Bloomfield, CT 06002-0002
U.S.A.

SUMMARY

Prediction of interior noise of helicopters due to drive train vibration ideally
requires an analytical model of the entire dynamic system including airframe, transmis-
sion, and all attachments. The development of such a model is beset with numerous
difficulties. This paper addresses the need for such a model and certain of the critical
issues involved: the inadequacy of finite element modeling in the acoustic frequency
range; the costs associated with assessment of parametric variations; the difficulty of
incorporating new technology into existing computer programs. Potential solutions to
these problems are discussed: use of combined test and analysis (system identification)
to obtain better models; component synthesis using frequency domain reduced models; a
computer program known as DYSCO. This program has a general capability to modify and
couple components in the time or frequency domain and can act as a repository for the
latest analytical developments.

PREFACE

The vibratory forces generated at gear meshes in helicopter power transmission
systems often result in excessive noise in the aircraft Interior. The high noise level
may be due to large excitation forces or it may be the result of a mechanical resonance
which amplifies the vibration. In the first instance, the problem may be corrected by
reducing the forces of excitation through improved gear design. While this may require
more costly manufacturing processes and the effect of wear lends some uncertainty to the
process, there are few viable alternatives. The use of materials to block transmission
of the vibration or to absorb the noise often results in excessive weight penalties and
the effectiveness has not always been completely satisfactory.

In certain instances, the high noise level is due to a resonant amplification, in
which case the problem may be treated by changing the structural characteristics of the
dynamic system. Some changes may include: changes in mass, stiffness, or structural
damping; modification of the geometry, such as, bearing or mount locations; or by instal-
lation of mechanical devices, such as vibration absorbers or isolators. The prediction
of this condition and the evaluation of changes requires a detailed dynamic analysis.
The problems associated with the development of an adequate analysis of the dynamics of
the system are substantial and, optimistically, border on the edge of the present state
of the art.

The discussion in this paper addresses the difficulties of the prediction of the
resonant phenomena and the evaluation of candidate changes. Approaches are suggested
which can improve the validity and cost effectiveness of such analyses. The topics of
wave propagation, reflection of waves, elastic interlayers, blocking masses, and other

similar phenomenaI are not directly treated, however, the general concepts presented also
have applications in these areas.

The problem of high interior noise due to transmission of gear noise is a difficult
challenge and much research will be required before satisfactory solutions will be
achieved.

1. MODELING DIFFICULTIES

Helicopter drive systems normally operate at a constant speed, thus there are
generally a relatively small set of discrete frequencies of excitation. The frequencies
of interest, however, are much higher than the low order natural frequencies of the
structure. It is not uncommon for this range to include modes of order 30 to 60 and
higher of a major component such as a transmission housing (see Ref. 2, p.90, for
example). In order to make accurate predictions of this phenomena it is important that
the natural frequencies of the dynamic system be known rather accurately.

The best methods of analyzing such a structure (e.g. transmission housing) are of
the finite element category. he typical irregular shape, varying thickness, and
numerous cutouts precludes any more analytical formulation. An analysis of adequate
detail to predict such high frequency modes requires thousands of nodes and degrees of
freedom. The cost of formulating and processing such an analysis will be very high.
However, even with a very careful and detailed analysis, the likelihood of accurately
predicting natural frequencies above the first few is extremely small.

There are certain very special circumstances when the local natual frequencies of
individual components are meaningful in this context. The free-free frequencies of a
shaft may fall in this category if the bearings are located precisely at the nodes of the
modes. If the fuselage were very stiff with high inertia, the transmission could be
considered as attached to ground. However, stiffness here is relative to the frequencies
of interest. While such an approximation may be valid when considering very low
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DISCUSSION

R.Drago, US
You noted that, for involute gears, the root tensile stress is much higher than the root compressive stress. but for
conformals the comoressive stress at root is higher than tensile. For thin RIM involutes, RIM bending predominates
and the compressive stress becomes much higher than the tensile. This effect would be much worse on W-N gears and
thus the alternating stress (i.e. comp.-tens.) would be much higher for W-N gears. Their bending strength would thus
be low. Have you done any testing on realistic thin rimmed W-N gears'? Either P-E or strain'?

Author's Reply
The root stress variation shown in Figure 4 was found to apply to the bottom of the tooth root, single tooth contact
region for the pinion (scatter ± 3%) and wheel (± 5/o) in the 'dumb-bell' rig tests. In this rig the pinions were solid, and
the wheel had a rim thickness to diameter ratio of approximately .02 - quite flexible. Subsequent results from strain
gauge tests on the definitive gearbox in which pinion rim thickness to diameter ratios were approximately .2. also
followed Figure 4 very closely. I am not aware of strain gauge measurements made on thin-rim involute gears, so I
cannot comment. From our measurements it appears that the combination of the compressive peak stress arises from
the strong tooth form and may also apply to all-addendum involute teeth. The conclusion from Figure 8 - that
conformal teeth make better use of gear steel strength characteristics because of the compressive nature of the mean
stress would apply to any geometry having this characteristic - provided that limiting stresses do not arise elsewhere -
e.g. in the bore or body of the rim.

R.W.Snidle, UK
I. This study shows that, in high conformity gear tooth contacts, in which the area of contact can be of the same order

as the tooth height, it may be necessary to consider non-Hertzian aspects of the contact stresses and deformations.
The authors have made significant progress in this area, particularly in drawing attention to the interactions of the
contact and root stress distributions.

2. Analysts of elastohydrodynamic lubrication of these contacts is a very difficult problem. The contacts are, in EHL
terms, very heavily loaded. Film thickness formulas which are based on the analysis of relatively lightly loaded
contacts probably involve a significant extrapolation when applied to W-N conditions.

Author's Reply
The authors would concur with Dr Snidle's comments, and express appreciation for the valuable contributions that he
and his co-workers are making to the analysis of the kinematics of conformal gears, and of elastohydrodynamic
lubrication. Clearly the large relative areas of the conformal contact renders the applications of the basic Hertzian stress
equations open to doubt, since these were erected t , solve nominal point or line contact problems. Undoubtedly. on the
basis of the photo-elastic results obtained, there is a marked interaction of the stress field from the contact area with
that occurring in the tooth root on the compressive side. Since the stress fields themselves cannot be considered as
planar this further complicates the analysis. It is felt, as the paper suggests, that an inductive approach employing
experimental and analytical techniques in parallel is preferable to treating any approach.

These analytical problems occur with other machine elements also - in bearing balls the contact areas can be relatively
large, and in rotating outer raceways the interaction of contact stress fields with tensile hoop stresses can be significant.
Epicyclic ring gears have a conforming nature, and interaction between contact and root stress fields is quite common.
It is important to continue the development of analysis methods for improved prediction of deflections, stresses, and
surface separation in all forms of machine elements. The rapid growth of computing facilities, numerical methods, and
improved experimental techniques are making a considerable impact on the most complex o; problems. There is still
much scope for progress with analytical tools in the sense that correlation of life or performance in service with
magnitude of individual components of complex stress fields or classical failure criteria is lacking for many machine
elements. but this is not surprising in view of the large number of possible failure modes and the complexity (if sttess
fields and surface separation parameters (Paper 31 details some aspects of this problem).

In the meantime, however, gearbox designers are well served by empirical design criteria such as Lloyd's K factor or
Specific Torque Capacity for gears, and Load Severity Criterion for bearings. These are based on nominal surface
stress, and being simple to calculate have been used for a long time now for correlating srvice experience. Such
experience factors have been particularly useful in the extension of designs within a given product range, which is a very
common situation. This approach succeeds because many of the factors which have an impact on life remain relatively
constant-environment, materials, and manufacturing parameters; and perhaps only speed or load intensity differ from
previous experience - one is looking for performance 'deltas' rather than absolute levels. A heartening lesson from
uprating activity, such as that described in this presentation for the Lynx conformal gears, is the way in which the
hardware accepts higher duty conditions in spite of any pessimism engendered by calculated stress levels. This must be
due at least in part to the cube root relationship between contact stress and load for elliptical contacts, a relationship
that probably remains true despite any modification of absolute stress levels.
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I. Configura ion Choice

The choice of the best configuration depends upon the priority and the weight we assign to the

appreciation functions.

We take into account weight, direct costs and reliability. Using Value Analysis techniques and

assigning suitable weights to the different functions it is possible to determine a general appreciation

function for every configuration.

The analysis has been carried our considering that the weights assigned to rh actions:

- Increase reliability

- Decrease manufaccure cost

- Reduce weight

are in the ratio of 80 : 50 : 45 respectively.

The results of above analysis are shown in figure 13.

The configurations that achieve the best results are C and A with rather high reduction ratio in the

last stage.

The main advanL e of the A solution is its typical installation flexibility due to a configuration

using bevel gears only.

The remarkable characteristic of the C configuration is the presence of an internal spur gear. A ring

gear shows some advantages referred to lightness, reduced dimensions and quietness, but there are some

problems of vibrations and displacements under load.

We are investigating the ring gear behaviour with theoretical and experimental methods.

Figure 14 shows a ring gear during a vibration test carried out by holographic technique.

Figure 15 shows the displaceaents of a ring gear under the loads due to the meshing with two pinions.

The shape has been calculated using finite elements method.

CONCLUSIONS

The evaluations of the four gearbox configurations has been carried out by assigning the right importance

coefficient to three appreciation functions: reliability, cost and weight.

These coeff, ents take into account the different importance connected to the functions we have conside

red. Through the years the helicopter evolution has caused a great modificaton of the importance of the

gearbox requirements. In the fifties the weight was the main factor. In the sixties we talked about

rclab4ilty and in the seventies also the noise has assumed a great importance.

We can foresee that cost, reliability, safety and noise will still be the determinative factors for the

choice of a gearbox in the late eighties.

From the results of our analysis we can draw some conclusions.

- In our range of reduction -tis the two-stage slution is quite preferable to

the three-stage solutin.

- The deletion of the epicyclic train results in remarkable advantages in so far

as weight, cost and reliability are concerned.

- The ring gear solution is quite preferable to the solution using external
spur gears.

A few of these conclusions are a -atter of opinion as they depend upon the importance given to the

appreciation functions. During the design activity, the imposed function requirements or some problems

connected with accessory drive, tail rotor drive ect. could alter the above mentioned conclusions.
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Output speed 350 RPM
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- To reduce weight

- To increase reliability
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- To limit power loss

IMPOSED FUNCTIONS - To satisfy geometrical requirements

- To satisfy functional requirements
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SUMMARY

Methods using enhanced signal averaging techniques have been developed to give early
warning of the onset of a variety of gearbox failures. Prototype analysis equipment has
been developed and tested which will permit the condition of components within helicopter
dynamic systems (rotors, gearboxes, and powerplants) to be established.

The paper describes work carried out in the Fleet Air Arm to develop and prove the gear-
box vibration techniques involved. Arrangements for data collection in flight and during
ground runs are described. The signal processing methods, including the automatic tech-
niques for secondary analysis which enable defined features to be extracted from the basic
signatures, are discussed. Examples are given of the extent to which damage or malfunction
of various internal components can be discerned by the techniques employed. The question
of application to the widely dispersed fleet of naval aircraft is considered, and the
prospects for achieving full on-condition maintenance of in-service gearboxes is assessed.

INTRODUCTION

1. The condition monitoring engineer must have in his armoury, a wide variety of tech-
niques available for the monitoring of rotating assemblies. This paper addresses the back-
ground for Royal Navy operation of its helicopters and the role of vibration health monitor-
ing for its helicopter gearboxes. The data analysis techniques which would complement
existing monitoring methods are detailed. The basic premise is that the functioning of a
rotating component can provide a vibration signature that is modified as the function or
condition of the component changes. It is the task of the chosen signal processing methods
to extract this pattern signature. These may then be further analysed by a selection of
secondary analysis procedures to produce a series of numerical values which are designed
to act as automatic fault descriptors. Finally the likely service application of vibration
health monitoring for helicopter gearboxes is reviewed.

BACKGROUND

2. The Royal Navy's helicopter fleet consists mostly of Westland Lynx and Sea King (in
ASW, AEW and Commando versions) together with a reducing number of the older Wessex and
Wasp aircraft. At any one time more than half our active aircraft will usually be shore-
based at naval air stations where extensive engineering support facilities are available.
The aircraft at sea can be split into two groups: those on larhe ships such as the
Invincible class where engineering support is also comprehensive, even if the facilities
are rathe- cramped; and small ships which carry a single helicopter and are far less well
equipped. The military value of aircraft at sea is so great that it is difficult nowadays
to imagine any vessel of frigate size or larger not having a fight deck.

3. Just as successful aircraft have to achieve a saticfactory compromise between conflict-
Ing requirements, so warship designers have to achieve a balanced solution in their designs,
Size and cost go up together and larger ships must, -ther things being equal, mean fewer of
them. The design of the new T23 frigate has been under strict cost control from the outset
with aviation facilities competing with accommodation, magazine, sto'age, weapon and propul-
sion systems for a limited amount of space. In single aircraft ships the space needed for
a limited amount of space. In single aircraft ships the spice needed for aviation workshops
is usually not worthwhile because of the limited throughput of work that one aircraft
generates. Generally it is better to carry spares and to replenish these when the ship is
taking on other stores - a fairly frequent occurrence. This not only saves space even
though additional line replaceable units (LRUs) may have to be held on the ships, it also
econo-nises on test and repair equipment and the highly trained manpower that would he needed
to staff the workshops.



4. When- we compare current aircraft with those such as the H1101 which will replace them

in a few years time, a number of general trends can be recognised. Firstly In response to
the increasing level of the threat posed by Warsaw Pact forces, future aircraft are going

to be considerably more complex in terms of sensors and weapon systems. In order to be

able to respond when needed they are also getting more complex as vehicles, with extensive

ie-ici:g systems, automatic deck handling and spreading arrangements, auxiliary power un:,,
increased redundancy and sophisticated computer based systems management. These adv ,ncel
future aircraft must, for operational reasons achieve higher levels of availability the.
their counterparts of today. They must also, for reasons mentioned earlier, be less man-
power intensive and more frugal in their demands for storage space and workshop facilities
in the small modern warship. Finally these much more capable aircraft are very expensive
t develop and produce. in order to afford the numbers that are needed for operational
reasons, there is a growing emphasis on reducing the cost of ownership to balance, at
least in tart, evur increasing acquisition costs. Table I lists some of our specific
requir-tents for the H410l.

Table I ARM kequirements for EHiO1

Feature ,equirement

Overall availability 87%

O'verall Failure rate I per 20 flying hours

rx TiO 1000 flying hrs within 1 year

3000 flying hrs within 5 years

Tx MTBR 800 flying hrs within 1 year

2000 flying hrs within 5 years

Scheduled maintenance 2.5 man hrs/flying hr

Unscheduled maintenance 1.0 man hrs/flying hr

Component change time 2 hrs maximum

Avion~ic component change time 20 minutes

Meeting these requirements implies two ;eparate things: o~gh component reliability and
rapid repair. On the avionic side this has led to the inclusion of sophisticated auto-
matic built-in test equipment which will monitor system performance in flight and
identify the causes if malfunctions so that LRU replacement can usually take place
immediately the aircraft lands, without the need for further diagnosis. On the mechanical
side, usage monitoring offers the prospect of extending the in-service lives of major
components, and health monitoring may give sufficient advance warning of trouble so that
a major component change can be planned in when convenient., either ashore or in a large
ship. Vibration hoalth monitoring offers us a new technique to add to the well established
practices of magnetic plug examination, quantitive debris monitoring and spectrometric
oil analysis. In conjunction with other techniques VIINI offers the prospect of moving away
from fixed, and necessarily very conservative, lives to a situation where individual gear-
boxes are removed at the appropriate time based on a knowledge of the mechanical condition
of the particular gearbox. Avoiding unnecessary premature removals will increase the
MTBR. This will produce a small direct improvement in overall aircraft availability, a
reduction in overhaul costs due to a reduction in the annual numbe" of overhauls needed,
and a reduction in the number of spare units the customer needs to buy. Reducing the
number of units in 'he repair loop can represent large finaicial savings. Another
important benefit from introducing VlM would be, in the early life of a new aircraft, a
much more rapid progression down the life extension road. The iritial overhaul life of
a new gearbox, based on endurance testing on ground rigs and ear.y flying, is normally
quite modest and commonly represent.: about 12 months service use - say around 300 flying
hours. Ex'ersions are based on a detailed examination of 3 lead gearboxes and increments
of f0h-?00 flying hours are typical. With our modest flying rate and relatively small
nsilber )f istwive aircraft, extensiont can only come relatively slowly. V}iM offers the
pr-spe t of being able to reduce the inspect ,n requirement to only one lead gearbox and
to move forward in somewhat larger steps ti the point where it is possible to take the
final step ,f removing 'he TBO and going "on condition" for removal.

TECHN lUF.

5. Whilst the major discussion is to be on gears and the methods of vibration analysis,
equivalent analysis packages are being as.aese for rolling element bearings and helicopter
rot-rs . Briefly the proven faults sensitivity of the bearing package Is at present limited
., spalling of the tracks although in certan gas turbine applications the detection of
>Li starvation of the bearing has been dediced. Within the helicopter vibration monitoring
i rk there has been an ambitious development plan to improve the efficiency of the fault
diageisi )f 'he rotor system where rmien maintenance effort can be expended. Whilst



vibration measurements are taken, the work has been dependent on a twin 'beam' passive
light tracker attached to the nose of tne helicopter enabling timing of the blade tips
passing above. This is translated into track and lag measurements ar.d recent assessment
has shown a stability of sensor readout approaching the as-specified performance even on
a rev by rev basis. Evidence is accumulating from model work, theory and practice that by
listing the track and vibration figures at various operating conditions, the faults are
differently exercised and are thus identifiable,

6. Vibration spectra from complex gearboxes (Fig 1) exhibit many discrete frequency peaks
which correspond to gear meshing, harmonic modulation and other effects. It is the variance

c

Amplitude

Fig 1: Typical Gearbox Vibration Spectrum

of the peak heights which appears to be relatively large when monitoring a gearbox over a
period of time. Moreover a spectrum cannot yield diagnostic information on individual
tooth problems. For these reasons, the Naval Aircraft Materials Laboratory was originally
attracted to the method of signal averaging of vibration data in order to describe the
dynamics of a gear.

7. For this analysis a synchronised repeating pulse is derived from a tachometer or
rotating shaft and modified such that it gives a once per rev pulse for the gear under
surveillance. That portion of the transducer output waveform pertaining to the gear is
assumed identical from pulse marker to pulse marker and hence with numerous summations
the average response will represent the mesh behaviour of the particular gear. The almost
pictorial representation of the gear mesh allows an intuitive diagnosis to be made. Their
origins may be considered as from a pinion rolling along the rack Fig 2a, which then allows
the waveform to be directly compared to the teeth of the rack and shows how this signature
is modified by the presence of a number of faults.

Fig 2(a) Pinion and Back with Faults

Five 5eparare -stuatirns are considered:

a. The 'pefect' gear (rig .b): this produces a iegular sinusoidal waveform. No
IO iort: of any kind Is e.vident because by definit in the teeth are identical and

''C gar: r:'ae rerfectly on centre.
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f L*- v :r K e invel pe shape, that s ig .ifv m isaligr i te t.m , c tcer it - ty rord

g, , c Me r i t P/i 2. This FOM ir a teasure of th number rf zero crocstng:t i
the, signal average compared to that expected of the gear mesh. The signl averag,
..r a gear aepict approximately one half, one third or one quarter 'he hi":hco ,l'

,sctllatiori expected. This parametric excitation occurs when the meshing frequency
equal. a_ integer (normally 2) times the natural frequency eg shaft torsional
resotance; then, and particularly if the loading is light, tooth separatio. and
greatly accelerated tooth wear can result.

d. Figure of Merit FOM 4. EOM 4 was developed in order to create a level of greater
sensitivity within the EOM analysis method for impulse quantification, viz tooth break-
age. EoM 4 is derived by taking signal average and subtracting from it the expected
and acceptable sinewave components. The residue should then describe the impulsive
perturbations within the signal average, thus raising the detection efficiency for
individual tooth faults.

(1) FOM 4A is a kurtosis judge of the spikiness of the residue, inoicating
localised tooth faults including spalling.

i2) EOM 4B. The standard deviation of the residue describes how well the
configuration has generated the reconstruction. EON 4B has been found useful
in detecting distributed damage and as support to EOM 4A; for as the damage
becomes greater eg occurs on an increasing number of teeth, so the vibration
becomes more random, that is the non-sinusoidal portion of the signal average
increases s- the standard deviation of the residue, (EOM 4B) rises.

Figure of Merit FOM "- This latest atid most penetrating 'a'- rcter enables a
"eas.re tu be made automatically of the impulsive content of the sigral average.
At,":" ranking the pritcipal components of the signal average, a decimp sition of the

i verage into its impulsive and non itpl.;t,;t' rompunents is achieved by a
, ' stal gudgement f the series of low pass fh -_'red ut psof the heerodyned

iverage., 1t has bee'n 'unr that FOINI 5 is a necessary toul for examining singleton
'h defects in epicyclic gear trains.

THIALS

The vervce trials sought to demonstrate the feasibility of all aspect.; of cottit;
f-rng t diagnos i, for all assembies of the helicopter. Whilst' the lgorithr, f

ear analysis package have been highlighted, the feasibility ol tte fittihg ,f
essicrft Loming and signal recording had also to be ascer'ained. This latter

-ircraft ev-r'cie established that the complexity of the hoi arid ;fi of trans-
du-ers required t'e loom to be a permanent fit in the heli opter. Three Lyx air raft
inderwent this first trials installation with accelerometers fitte as fg'news: egin-4,
4GeB-6, 158-I, TIB-l plus a triaxial accelerometer in the cabiri t'xJsli.g tachometer
outputs were tapped without any undue difficulty. For the duratioi of the field trial
the pr imary accelermeier chosen was the Bruel and Kjaer iB&K) typ 4i44. hi's parti iar
ac-elerometer was choert because ,f its snaIl sze (7 mm dame.er x I- mm high, mmnimai
weight (2 grams), resorant frepien.:y (7h Kilz) and maximum per'a'tirg temperature 2COT
Signal ondito. and recording equipment was fitted immediately pri r to ata rcording.
The Racal Store 7 was found suitable to cbtain satisfactory recrdings in the helicopter.
its disadvantage for general future use is cost W9K' weight dylbs a:d size f15 x t x l9ins).

A Sea King transmissio, atid c-tor trial was proposed as a follow-up ti the afur-
meritl-ed Lynx work. The changes incorporated were cheaper transdticers, more rbust

trasdiee i iTlikely t' be disturbed by any anticipated servicing, nd
he u t i I i , it tn ,of an iil r i insta Ied hIgi q al ity airborne tape recorder. At present
the trat om s. n mon i t rir tir' :,f *he exercise 's 'rderway; the ',t r moniii ,ring
awaits the availabillty -f it"ble tr,'ck ''erit"rs by the manifatlrer.

11. The .r f i len ce t et- r epi yclic gearing iri the : ra hing : r t, r ge, 'bnx
'M4,;B cam ar" a srer', t s w it h d- fecs s eeded intf t , ( cyi y i aI s , f the

gearts R' ' lAF, Far r i M PuG ' I st rig. ' 'iis pr0,ve ! ivaluai "'le in extetiding
the hi'her' , -ixed axis gearing sigtnal averagiig rles t, epicycl i geariing. the
epi-cy' l~c gear signatures tend ' ,ack r'peatabt ity if the -ignal averag, tecase

uncertain spatial relat i'r'ship be ween tra sducer, gers, and i r is -,ssary
,,k mer at an'epec, t average' of relatively short durat 'n anl then assess

"ah F'm par,metr frlm 'h'le ,r-Juc-t frem 'he averages. Tha t i sirg 'he E5M to view
a "ries ,- itr. "s'hoit , - i luet ,.o .gr-l average,e w'th their
vary-'n g ' -, f i ;t t !1 . gt'he m rr i:i . i f r -, r damage were

It -i I g , r* 7 Wz V ar" f Iii pinet d m,,jK,
•  
t . fr 'h ring gear

;. r, ,'si' sb t., I rr, g. - possibie.

i. Ih,, m ;t, i, t K V ,  ; o~d.:{wld bi - ,, rt !ic,gfe: . ,' 1 -: L .: -r for he'"a ir l' V T' hra' ,I~e !r~zh love f : :: "': ,d~i :ty r,-; :r, "'rg 'e' [:, r '" " r ; [':"I ' he tp tttgi'ee'ii,.'

-, ' , : ,4 : ,, r;,, r, in - 1! , pe: rif . ( i c ,-pe",
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Fi'4. i0. Tooth spacing error (k=d, E-0) Fij. II. Involute slope deviation (k=,
mesh transfer tunction lajni- E=1) mesh transfer tunction magni-
tude fo}r a 50 tooth helical gear rude or a 50 tooth helical dear
with V = 3.19 and Qt= 1 819 wits a = 3.19 and Qt = 1.819.

P j _IV, - I

Fig. 12. Lead mismatch devi-ition k=l, Fig. 13. Involute tullness deviation (k=g,
t=0) mesh trinster tunction X=2) mesh transfer function
magnitude for a 50 tooth magnitude for a 50 tootn
helical gear with 

0
a it helical gear with Qa = 3.19

and Qt = 1.819. and = 1.819.

2) the ma4nitudes ,)t all ther mesh transfer functions are small in comparison
with unity in the region of the first few rotational harmonics

3) the mesh transfer l inct ion for t-oth-spacing errors [k = 0, t = 0 (Fig. I0)

h" nAils at the rotit ional harmonics n = pN I'}, p = 0,1,2, ... which are the
I , ons o f the toth-meshinj harmonics; moreover, these nulls are not
Int nitely sharp

4i the other mesh trinsfer funct ions (K and I not both zero) generally do not
have nJilIs in the netigh: rhoods )t the tooth-meshing harmonics

5) when p lotted o1 )g-Ig coo rdinates, the envelopes of the magnitudes of all
mesh Lranster functions have an asymptotic slope ot -12 db per octave in the
large harmonic number region in the case at helical gears and -6 dB per octave
in the large harmonic number region in the case o spur gears.

Figure 14 shows the mesh transfer function for tooth-spacing errors (k = 0,
= 0) tor a spir gear with N1) = 50 teeth and a transverse contact ratio of Q = 1.819

which was cimptel asin 4  -,. 10W9 of reference 2. Comparison of Figs. 10 and 14
illustrates the different asympto)tic slopes of -12 dB and -6 dl per octave,
respectively, o}t tie mesh transfer lunctions ot helical gears and spur gears.

To illustrate the attenuating effect at the mesh transfer function in the case of a
particular term in g. (l3), the tooth-spacn err ir spectrum (k = 0, I = 01 shown in
Fig. 9 is plotted on a logarithm- Irequency axis in F g. 15. In Fig. 9, the lines
representing thp discrete harmonics are shnwn; however, in Fig. IS only the envelope



B- - p p =O~st l..

where tile se-ini e 1ua) ity follows by settinj n ph( inl E'q. (IV,) All Iothier
ri)tat i teal harmoneics ( i e. , except those 'icculrrinj at the tooth-meshinj harmonics n=

.45- p = ,±l. ±2. .. ). ar ise t r-11 the coiitriiluticns

4(x- (~ (22)

t'I-it riC tliut trim 1ev13tl,)ns of the in-ividial tiotli silitaces tron the meani tooth

1r tareWiioe expansion coefficients are a3 - see Eq(. 21a. All if the hiarmnonics shown

in F, j. 1) arise trim such deviations n)
3,D

7. THE ATTENUATING EFF'ECTS OF MULTIPLE TOOTH CONTACT

The tooth 'error" spectra ti (n) -or the ir ,o-sitd counterparts, such as that
)is,ifayedt iii Fig. 9, con~taini no.ne -f the of Sects 'if the srii-t iii';i acti 'il t thie noult ipil

to-irnh contact ilIlustrated in Fig. 2. Ini references I- i, It i shown1 that these
Srn'itiihij ettects can 30, rigoriously taken i ntro uc'r'liil f mu It iplyillj each toioth ertir

spectrum B~ In)' by an approipriate nesh tranlste r functi in -(n, N) j that Isa

tuinci ion of the des ijn parameters of the mesh . Tue Fou et 5--C-r leo cot tI I c- leint s -if t he

:int r Ibtit in ( () of the iteniti-s 'if tile t ith surfaces ift jour ( - tion perfect
invofaute satrface are then obtalined 1-31 b~y summioin oft tnt' moh-atteniiArel error
-ae, it ri iver al Ier rir Itypes kt4 - i1.

k=i t (i)

t'c- ihe ii t (n} ire- the e rror j-iiit ra tin"I by ELI. (1i8) ant tle*a are the

Fo)urier Seies ciet ti1,= its 'it tho,' -rLtr itit, - xl) ti the stait I'It ransmission
err it, - Ii 'i 1r2) is in El;. '$1, irisinj ft in the deviatioins if the te eth -if
jear *itr 'm perttct iinilute2 sorias (his, F -it 1.,r ;-,I I,- c-'efi'ents ar et cLnc'

*1-)( l )

-N A 2 , 
N

ul-' ret -tti 'air st it tnes- 1t'r itlil len-; i',~ It 1e-ift suit t is issinci ti) tic-

t- 'sis he meshi transfe r tunct 'il n' 't can lit' evaliia1t 't fir helicalCan I IiSpa Jr

'i.,I r-eoct i v.yI ius iiij F. - -I' I('i rt tlrrc 2. Fo)r jivent values oif

1i- 4, Inid a m- i-nt)er ofi i-ct to14 , in- tc r.ins(''r tolnti1'in *1 1(nrh( .A) depiiis
iii 'sl tW'- (''at lesi j p,,ramt''ts, iII' aix I1 an-I i rs- -~u ntaori rat ios arind ,.

A; -a , v ..... in' i inl ''arir i in ' h- ' i ,' sp r a 3 t ilF o

ri- 1,' ire' 'les -ti i' tth',; -i ins' tt11 Ino I Iie ia I ja r tee t f rom perfec t

sor tr , a n'd in''?nesh ft rII), ; ttiiinr Pkn-'N hi) ini El. ( 20) iescrilbe the

'u i -if tho' swu l-, )t -Ii 'if n)l ll t' m'ilaiwt- on, the "errir" spectra

tien n ro lilianir if tlie n st ranst-r I int 'iris ir; rbtilnlty the jour

'I -; iin laramirs ")a' ~ arAN( !- it f-it li Itision the- err ur spect ra 'if
(itt-rri c-ir i-n' s i 's; I -i n sri;- i u ,ini ~ n i') t l, t-r1ln15t or t iln'tiiIs iulepeli-

-I n , It il,'f -Au n It (I ,S -t ih. ',- I i''ns't the- ti-itt !itfaces traino perfect

ii')'y I. (- ii ',)' ttt".itIfit 'ren InoefryVe 1rr t p'ns'lt-- lI'i-d

1 .) -t;' 1, ft- th!1,ir-'I,'' t a I Il1 a) j'''rt sit,, 50i I '-nti -,and axi Ial nit tr'ans 't se'
-''a' rat its -r I 1 ( i'Q 1.1 '4, r's-p" ieY. lefl teuar-s 'ifli''

ris'' i ;t -'r ti- i !Ii I go ,-ti a- , -niti i all nusi trIansfer I~r- el' i'ii, at,' woroli4l

Ii I', II I n It, - Iut l i i- t -1 ' tlll' I " (t-t a i t I 'mal hiin u -
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The lower part of Fig. 8 displays a set it such accumulated tooth-S acing error
measurements. Fijure 8 is a computer plot of an original set of accumulated tooth-
spacing error measurements modified by (a) removal o the overall slope which represents
an instrumentation bias error in the measurements, and (b) removal ot the mean value
which represents an irrelevant rigid body rotation of toe gear beinj measured. The
abscissa in Fig. 8 is tooth number and the ordinate of the lower curve is the
accumulated tooth-spacing error corrected as in (a) and (b) above, and measured in micro

(1)
meters. This lower curve is c 0" The magnitude of the maximum accumulated tooth-

I,
spacin error of approximately 8ism for this particular gear occurs on tooth number 32.
The upper curve in Fig. 8 displays the differences in accumulated error between adjacent

teeth. Gear (1), whose errors are displayed in Fig. 8, has N(l) 50 teeth.

44

2:;

T,)r,/TH NuMBF ROTATIONAL HARMONIC NUMBERn

Fig. 8. Accumulated tooth spacing error Fig. 9. Tooth spacing error spectrum
coefficients c 

1
)0 (k=, 1=0) v21b0(1)(njik=0,1=0) for a

1'00
for a 50 tooth gear. 50 tooth gear.

Figure 9 is a plot of the square-root of the one-sided discrete tooth-spacing error

spectrum

1 0 () 2 , (19)

weeH(1)1
(n)' is defined by Eq. (18) tot k = 0 and I = U from the ac-umulated to)th-( I)

spacing error sequence c , = 0,1. 49 shown in Fig. 8. The abscissa in Fig. 9

is rotational harmonic number n and the ordinate in the rms harmonic amplitude measured
in micro meters. Notice that the spectrum shown in Fig. 9 is periodic in harmonic

number with the period being equal to the number of teeth N
(
1) = 50 oin the gear. Also

notice the symmetry about the harmonic number position n = N(1)/2. Thus, the stronj

rotational harmonics in the neighborhoods of n = N 
( )

, n = 2N
( )

, n = 3N 
( )

, etc.
contribute to the so-called sidebands in the neighborhoods of the tooth-meshing
harmonics, which are located at rotational harmonic numbers that are integral multiples
if the number of teeth on the gear. There is no contribution to the spectrum shown in

Fig. 9 at the positions ot these tooth meshing harmonics - i.e., at n = N
(

1
) 

n = 2N
(

1)

etc. - because the mean value ) the accumulated error chart sho- in Fig. 8 (which
represents a rigid body rotation) has ben removed.

Plots o)f the square-root- o;f the discrete one-sided spectra,

( )
fn H2I1 In) 2o2)

whe r-, k an-i I ar-, rot tth zero, have the same general properties as shown in FIg. 9
es .pt that, tor k and I no)t tooth zero, contributions will be present at the looitions

It- t 'oth-m~shivj hiris n = N., n = 2N" 
) 

, n- 3N 
"

, etc. These -i0 t iout ions

irt fr- (tm -10' 'nis n- ti-i-.s ite men -,r avera-p't tooth surface cn the
; -

k.., 2,1



30-6

Equation (12) can be interpreted as an expansion of the tooth-surface deviation

n (y,z) in a canonical set 13] of elementary errors

*ylk(y)*z (z) = [(2k+l)(21+l) ]
1
/
2  
Pk(2y/F)PI(2z/D) . (17)

Each elementary error is designated by a pair of nonnegative integer indices kE where
index k is associated with the lead (axial) direction and index I is associated with the
profile (radial) direction. From the definition (15) of the Legendre polynomials, we
see that the low-order elementary errors possess the simple interpretations shown in
Table 1 (3]. Figure 7 illustrates the terms k = 0, X = 0,1,2,3 and X = 0, k = 0,1,2.
Thus, the normalized Legendre polynomials provide us with a convenient mathematical tool
for representing tooth errors in a form closely allied with current gearing industry
practice.

Table 1. Elementary Error Classifications (3]. k 0

*- 1. f-i 2 103

k = 0, 1 = 0 tooth-spacing deviations 170 f .-3
k = 0, Z = I pure involute slope deviations 0/

k = 1, 1 = 0 pure lead mismatch deviations 0 o o
k = 0, t = 2 pure involute fullness deviations
k = 1, t = I combined lead mismatch-involute

slope deviations i-2

k = 2, E = 0 pure lead crowning deviations.

o-0 k/ -- I xFor each fixed error component kt, we 0 311
now consider the behavior of the expansion . ., '/

coefficients c
(  

as a tunction of tooth

number j, = = 0,1,...,N'"'-l where N 
'  

v0
is the number of teeth on the gear under -Y
consideration. To obtain a description of GEARAXIS

the behavior of error type k1 in the
frequency domain, an analysis too involved
[1-31 to be included here shows that the
discrete Fourier transform of the sequence

of coefficients c() , 0,1,.., N()-I Fig. 7. Interpretation of elementary errors
is required, wherA,'M;1 s transrorm is taken derived trom the Lejenfre
with respect to tooth number j: Polynomials Pn(X), n=0,I,2 ....

C. N -
( )

e-2nlg '
In)' Nc ) c 2nJ/4 , n=0,tl,±2,...
N(-) 1k)

Harmonic number n counts the r)tational harmonics of gear (.).

For each error type kl, the discrete spectrum H( )(n)', n 0,±l.±2,... char-

acterizes t)r gear (.) the sequence )t expansion coefficients c
(

'1

N -1 in the frequency domain. The set of all such sequences (for ill elementary error
types ks) completely characterizes in the frequency domain the 1ev iatrions frr m perfect

iivolute surfaces of all N
( " ) 

teeth ot gear (.).

6. THE ERROR SPECTRUM FOR TOOTH-SPACING ERRORS

From Eqs. (15) and (17), we can see that for k = 0 and t = 0, we have
*y (y)5 (Z) 1. Ths, the elementary error given by Eq. (17) f)r k = 0, t = 0 i;
readily interpreted as a pore tooth-spacing error - as is illustrated in FiJ. 7. Since

, y) z),) ) I, the expansion coe f icient c 00 in Eq. 12) measures the ictual v ,
of the (accumulatedi t )th-s,1?inq error )f tooth jof joir ( .) , d for k

I = 0 H 0 1 (n)' describes in t/e frepency domain the to,)th-spacing er r ,s ,t all I,,.t h
,on gear ( "I.

For the purpose of i llustritinj a sequece of expansion ceotticierlt,; - Id Ill,-
issociated err',r spectrum It)(nn',"let us Aisimne now that an ,rdinry set I1

aei mulate, to,th-spacinqA err,)r eas rements male with a po/int tlr,th m-T/i/Jrs t/e

sellen:o )f tooth-spacinj expansii 'co fflcients c 
' )  

= ,1. N )-i. In/i

issumption would be valid if ill to1th sirfaces on the gear brinj meas/ired wro
ileti: t l except for t)o/th-spac i err,tr



5. DECOMPOSITION OF TOOTH SURFACE
DEVIATIONS INTO ELEMENTARY 'ERRORS'
AND THEIR SPECTRA

We turn now to prediction ot the
static transmission error contributions

4(1)(x) and 4(2)(x) in Eq. (4) arising
from the deviations of the individual
tooth surfaces of gears (1) and (2) from
pertect uniformly spaced involute surf- 0
aces. Since, as the gears rotate, every
point on the running surface of every
tooth on a gear comes into contact with
the teeth of the mating gear (see Fig. C
3), it follows that prediction of the ex-
citation spectrum arising from a gear
requires, in principle, a description ot
the entire running surface of every tooth 2
on that gear. The analysis of the TOOTH-MESHiNG HARMONIC NUMBER h
effects of the deviations of the indi-
vidual tooth surfaces from perfect Fig. 5. Normalized contribution to Static
uniformly spaced involute surfaces is transmission error spectrum from
greatly simplified (1-31 by decomposing elastic tooth deformations of a
these deviations into elementary "errors." spur gear pair.

Let n .)(y,z) denote the deviation

of the running surface of tooth of gear
(.), (.) = (1) or (2) as appropriate,
measured as a function of the Cartesian
coordinates y,z illustrated in Fig. 6. - - -
Such deviations are "measured" in a
direction defined by the intersection of
the plane of contact and a plane normal
to the gear axes. An arbitrary "deviation I F

surface" n ()(y,z) can be expanded (2,31
in a compl e set of two-dimensional
Legendre polynomials

Fig. 6. Coordinate system used for descrip-
tion of tooth surface deviations

n ( )(y,z).

(y,z) = c,( kyt)Y)Oz z) (12)
k=0 L=1z

where the normalized Legendre polynomials +yk(y) and *zZ(z) are defined 12,31 as

*yk(y) 4 (2k-1) 1/2 Pk(2y/F), - (F/2)<y<(F/2) (13)

4zt(z) 4 (26+1)1/2 P (2z/D), - (D/2)<z<(D/2) (14)

where the functions Pn(x) are the usual Legendre polynomials:

Po(x) = I

PlOX) = x
= (15)

P 2 ( x:) = ( 3 x 2- )

P1 (x) = 3- 3x)

and where the expansion coefficients cas

devition n (~z)by (,31 ~ ktin Eq. (12) are determined fro)m the surtace
deviations n Dj/2y,z) by (2,3]

D/2 F/2
ck! -0/2 -F/2 nC1 ()Y yk y)Yzt(Z) dy dz . )(i6)
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the average number ot teeth simultaneously in contact in the transverse plane (which is
a plane cut normal to the gear axes). The parameters F, L, A, and A used to define Qa
and it in Eqs. (8) and (9) are defined in Fig. 2. These parameters determine the geo-
metrical properties of the meshing action.

If either the axial or transverse
contact ratio Qa = FL/Aa or Q, = L/A, - -- . -

respectively, is an integer, it follows
from Eqs. (6b) and (6d) that we have
.w - 0, p = A ,*2, .... This
beRavior is readily understood with the
aid of Fig. 4 which shows for the cases iQ) = FL/AA = 3 and Q - L/A = 2 the zone -
o contact first intoduced in Fig. 2.

Careful examination of both sketches in b

Fig. 4 shows that, in each case, the total F

length of line of contact in each zone of Li 0-A F

contact will remain fixed as the gears L -

rotate and the lines of contact move
through the zone of contact. Since the
total mesh stiffness KT(x) in Eq. (5)
has been assumed to be proportional to
the total length of line of contact,
which is a constant if either Qa or 0-Q
is an integer, we can see from Eq. (5) L-I
that Yx) must be a constant in these
situations when W is constant. The be-
havior of Eqs. 160) and (6d) is consist- Fig. 4. Integral axial and transverse
ent with this observation, contact ratios.

In the case of real gears, the stiffness per unit length of line of contact is not
exactly constant and the actual zone of contact is not the perfect rectangle shown in
Figs. 2 and 4. Thus, integer axial or transverse contact ratios will not entirely
eliminate fluctuations in the elastic deformation component 

t
w (x) of the static

transmission error. Nevertheless, this basic idea undoubtedly has merit (8].

Equations (60) and (6d) illustrate another important result. If we examine the
envelopes of the maxima of the magnitudes of the right-hand sides of Eqs. (6h) and (6d)
which are the loci of points where Isin(pwFL/AA)I = I and Isin(pxL/A)I = 1, then we have
for helical gears

WI 1
O wplenv ) id taQt 1a)

a at
T

and for sijur gears

WO 
(lOb)1"wplenv" KT pirt

T

where subscript "env" denotes envelope and the detinitions of Qa and Qt given by Eqs.
(8) and (9) have been used. It follows 12,3] from Eqs. (10a) and (10b) that the
envelope of the static transmission error spectrum contribution from the elastic
deformation component depends only on a single mesh geometry design palameter, which in
the case of helical gears is the product of the axial and trnsverse contact ratios

Q'Qt" and in the case of spur gears is the transverse contajt ratio, Qt. This important
sinjle parameter has been named [31 the "aggregate contact ratio," ACk:

A FL L

ACR Q Q = F . L for helical gears (ha)
a t lAS I

Ot 
= 

L for spur gears . (11b)

EquatLons (I0a) and (10b) also show that the envelope of the c )ntribut ion of
the static transmission error spectrum arising from elastic deformation decay%
with tooth-meshing harmonic number as p-2 in the case of helical gears and as
p-I in the case of spur gears. This behavior implies that the envelope of the
spectrum of this component decreases with increasing harmonic number at a "rate" of
12 dB per octave in the case of helical gears and 6 d13 per octave in the case of
spur gears.

Figure 5 is a log-log plot of the elastic deformation component normalized tms

harmonic amplitudes V2 Ia wI/1(W/K T) computed from Eq. (6d) for a spur gear pair with

transverse contact ratio Qt = 1.819. The figure shows the linear decay it the envelope
of the line spectrum with increasing harmonic number, which falls off at the rate of 6
dB per octave, as we have mentioned above.
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which is common t, both gears. The coordinate x is the independent variable used in our
description of the static transmission error - i.e.,

O X) = w(i) + '(1)(x) + C(2) (x) , (4)

which is the same as Eq. (2) except that in Eq. (4) the static transmission error
components are expressed as functions of the indpendent variable x defined by Eq. (3).

4. ELASTIC DEFORMATION COMPONENT OF THE STATIC TRANSMISSION ERROR

If the instantaneous total stiffness of all meshing teeth of a gear pair is denoted
by KT(X), then the component Cw(x) of the static transmission error arising from elastic
deformation of the teeth and gear bodies of both gears of the meshing pair can be
expressed [1] as

(i) = 1 (5)
w KX) = Tx

where W is the total loading carried by the mesh as illustrated in Fig. 1. Since we use
transfer function techniques in our structural response calculations, we require the
frequency domain representation of cw(i) - i.e., its Fourier series coefficients. If we
assume (i) that W is a constant (independent of time) and (ii) that the tooth pair
stiffness per unit length of line of contact is a constant (independent of the position
of the line of contact on the tooth faces - see Fig. 3) then the Fourier series
coefficients of Cw(x) are given approximately [2,3] for helical gears by

Wi
a -- (6a)
wo T

T

WI sin(pwFL/AA) sin(pwL/, 06

wp p sfL/AA ps/A - p 0 (6b)

T

and for spur gears by

Wo

wo
K

w s in)p/A) 0 ,(6d
wp - psL/A

T

where WO is the constant loading transmitted by the mesh and p is the tooth meshing
harmonic number. The Fourier series coefficients exhibited by Eqs. (6a) - (6d) are
defined (11 by

!wp 1/ cw(Xe -i2px/A dx, (7)

wp A- /2

where a is the tooth spacing interval in the plane of contact as illustrated in Fig. 2.

in addition to W and p, EqS. (6a) - (6d) contain the parameters YT'

FL

a (8)

and

Ot  L (9)

The parameter K is the average total mesh stiffness, as one might ascertain from the dc
Fourier series oefficients given by Eqs. (6a) and (6c). The two other parameters Qa
and Qt', defined by Eqs. (8) and (9), are the axial and transverse contact ratios: Qa is
the average number )t teeth simultaneously in contact in an axial direction, and Qt is
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mission error is such that changes in
the tooth surfaces of gears (1) or (2)
that are "equivalent" to removal of
material from perfect involute surfaces
give rise to positive increments in the 6'' C
static transmission error b. Base Cylinder

Since the static transmission error
arises from elastic deformations of the

'  
W

teeth and gear bodies and from geometric
deviations of the runniny surfaces of 4 Plane of Contact
both gears (1) and (2) of a meshing pair.
it is not surprising that the static
transmission error can be decomposed
(1-31 into three additive components, (2)'

;(1) (2) 
"
' Base Cylinder

H- 1(2)(2

where w is the component arising from J b

the (loading dependent) elastic deforma-

tions of both gears and (1) and C(2) are
the components arising from the geometric () M_ (2) (2)
deviations of the running surfaces of "R b 88 Rb 8e
gears (1) and (2), respectively, from
perfect uniformly spaced involute
surfaces. Fig. 1. Definition of static transmission

error.

3. GEAR MESHING GEOMETRY

The yeometry of the temporally changing lines of contact between gear teeth is very
important for both the physical and mathematical understanding of the vibratory excita-
tion of gear systems. This geometry is illustrated in Fig. 2. In the upper portion of
Fig. 2, the lines of contact are drawn on a fictitious belt that rides between the base
cylinders of the two meshing helical years. These lines of contact are drawn solid
within the rectangular region (zone of contact) where the tooth contact actually takes
place; they are drawn dashed elsewhere. As the gears rotate, the fictitious belt moves
through the rectangular zone of contact shown in the figure, and the individual lines of
contact drawn on this belt move through the fixed zone of contact. The geometry
illustrated in Fig. 2 is an exact representation of the behavior of the lines of contact
of perfect involute helical years.

tq ' l (" I LIN OF CONTACT a

. . ... l

£ .j , e I t

/ 1-. . .... 5-,, ' '

a- ..iTOOTH NO, I) T,"
*> * P H-I I CNTACAT S

"SPI " C.

*0 1-. N'

BASIC RACKP
(THER)

Fig. 2. Lines of contact and zone of Fig. 3. Line of contact on tooth face.
contact in plane of contact.

The line of contact on a particular tooth is shown drawn on that tooth in the
sketch in the upper right-hand corner of Fig. 3. As the two gears rotate, thi, line of
contact sweeps across the tooth surface - always remaining at the constant angle 6
shown in Fig. 3 as it moves across the tooth surface.

Returning to Figs. I and 2, we can see that the lineal position x of the center of
the zone of contact measured from the tooth numbered j = 0 can be expressed (1-31 as
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SUMMARY

Each pair of meshing gears in a transmission gives rise to a source of vibratory
excitation that can result in the radiation of sound. Each such source is most
conveniently characterized as a displacement form of excitation generally referred to as
the static transmission error of the gear pair. Contributions to the frequency spectrum
of the static transmission error of spur and helical gears arising from tooth and gear
body elastic deformations and from deviations of tooth surfaces from perfect involute
surfaces are considered. Tooth surface deviations are decomposed into contributions
giving rise to tooth meshing harmonic excitations and rotational harmonic or sideband
excitations. Various types of gear tooth errors are defined and the contributions of
these errors to different parts of the frequency spectrum are described. The attenuat-
ing effect on the static transmission error spectrum arising from the smoothing action
of multiple tooth contact is explained.

1. INTRODUCTION

Each pair of meshing gears in a transmission is a source of vibratory excitation.
Each such source gives rise to vibratory motions of the gearing elements, which excite
the bearings and supporting structure, and eventually cause the radiation of sound by
panels, beams, etc. In this paper, we describe a procedure for computing the vibratory
excitation caused by a generic pair of meshing parallel-axis helical or spur gears of
nominal involute design. The effects of gear design parameters, tooth elastic deforma-
tions, and machining errors are included in this procedure. The methodology reported on
herein is a summary of some of the results obtained in references [1-41.

Consider the excitation from a generic pinion/gear pair. The most important source
of vibratory excitation from this meshing pair arises from the nonuniformity in the
transmission of angular motion between the pinion and the gear [5-101. This
nonuniformity in the transmission of angular motion has two causes: (i) elastic
deformation of the teeth and jear bodies - which is a function of the loading trans-
mitted by the gear mesh, and (ii) geometric deviations of the running surfaces of the
pinion and gear teeth from perfect involute surfaces. In regard to (ii), it should be
noted that perfect, uniformly spaced involute teeth with no elastic deformations
transmit exactly uniform angular motion [11). Since structural dyramics calculations
are carried out very easily in the frequency domain, the vibratory excitation arising
from the above causes will be described in the frequency domain.

In addition to the above-mentioned excitation source, the temporal variation in the
total frictional force acting between the teeth also serves as an additional source of
vibratory excitation. This latter source generally is believed to be small in
comparison with the static transmission error source. Hence, t.e source arising from
friction will be neglected in this paper.

2. STATIC TRANSMISSION ERROR

The excitation source arising from (i) elastic deformations of the teeth and gear
bodies and (ii) geometric deviations of the tooth surfaces from perfrect involute
surfaces is most conveniently described as a displacement type of excitation - rather
than a force type of excitation. This composite excitation is characterized by the
static transmission error 15,6), which can be defined loosely [1,31 as the deviation 86
from linearity of the angular position 6 of a gear measured as a function of the angular
position of the gear (or pinion) it meshes with when the gear pair is transmitting
torque at low enough speed so that inertial effects are negligible. In 11-3), we have
found it convenient to utilize a lineal form of the static 'ransmission error. In order
to give a precise definition of the static transmission error as it is used in [1-3!, it
is necessary to consider the idealized perfect, rigid, involute counterparts (of the

same design) to the real gears under conside ation. Let 6e
(
l
) 
and 68

(
2) denote,

respectively, the instantaneous deviations of the angular positions of real gears (1)
and (2) of a meshing pair from the angular positions of their idealized perfect involute

counterparts, and let )and R denote, respectively, the base circle radii of the
two gears. Then, the ,e cise definition of the static transmission error 11-31 is

R 1 M R2)6
( 2 )  

(2)

where the sign convention for the positive directions of S6o
) 
and 60

( 2 ) 
is indicated by

the angles 611) and e
( 2

) shown in Fig. I. The sign convention of the static trans-
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Vibration analyssis for health monitoring hats not been successfully applied in the past on commercial aircraft. The most
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burnoff (Zatppers) to remove tine wear particles on heavily loaded gears and bearings, which eliminate nuisance
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techniques used, e.g. overall level or spectrum analysis, gave poor repeatability of readings and this cotributes to thie
lack of sensitivity in the detectioin if taults. T'he analysis approach described in our paper overcomes both these
deficiencies for our w uork has shins n the good repeatability oif the derived FOM parameters and the excellent reSpi nSe

I,, the faults listed in the paper.

I Pic R.N. does enmploy electric chip detectors on the Sea King heliciipters. They have at high iiicidene of spurious
warnings and thus do not have at good reputation. Zappers would decrease these spurious incidents, but at present the%
have not found favoUr with the UK military. Magnetic plugs that merely cillect debris from the lubricant ( i.e. dii lii act
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I he s ilci ti irmat tapes arc expressed toi Westland for rapid analysis (24 hour turnaround . In fiture this atralVSIs

wkill be carried out on bo ard in the 3t00 Series growth versioun iif this lici opier. using the fi laltn and Usage
Moitriiiung ( uiniputer described in Paper 8 1iif the Tenth Europeani Roluureralt li-runi. [he I lague, Aug. 199)4.
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.icoileic nii o f teeliui is necessary, tlie precise coinstituenlts dvpetiding uipiin the particular gearbox design.
tuibrircuti a nit filt itiun ssstetl. titu oiperatiiin cuinditions.
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an MTBR of appoximately 1000 hours and one in six reaching the current TBO, a 20% increase
in TBO to 2400 hours would at best result in an improvement of 6% in the MeBR if every
gearbox reaching 2000 hours were to survive the extra 400 hours. In reality the likely
improvement in MTBR would be around 4%. To introduce VHM on a current aircraft would
entail.

a. scheming, approval and fleet-wide fit of an aircraft modification to install
accelerometers and a wiring harness.

b. purchase of sufficient high quality analogue tape recorders to meet the needs
of a widely dispersed fleet.

C. establishing adequate analysis facilities (either centrally in the UK or, at
greater expense, at major air stations and on large ships).

d. establishing a monitoring regime which would undertake routine data analysis,
probably at 50 flying hour intervals.

A cost-benefit analysis showed that the break even point would be achieved with an MTBR
improvement of around 15% (rather higher for the Sea King). It was reluctantly concluded
that such gains were not likely and that the ir.troduction of VHM to current aircraft was
not warranted on cost-effectiveness grounds. A cheaper scheme where VHM would only be
applied to UK shore based aircraft was also considered but was no more attractive on
financial criteria, and had the added disadvantage of reducing the flexibility to
reallocate individual aircraft. It is worth noting that being cost-effective is not in
itself sufficient to ensure the adoption of VHM since there are many other competing
improvement proposals, and insufficient funds to allow them all to be adopted. It is not
uncommon, unfortunately, for us to be unable to introdu gearbox modifications to
overcome known weaknesses despite the fact that they would extend MTBRs and are clearly
cost effective. The Army and the Royal Air Force, who, are also spons.tring this work,
have come to the same conclusion regarding the cost-effectiveness ,f application to their
current helicopter fleets.

18. The situation regarding fu tire aircraf' i, ri* er no re I,;r- , -M Firstly the
benefits to be gained from TB exteno. -is are far T-re :r ' i4 "I ! early years in
service when TBOs are l,w. Secorlly the v ;',- r rI. 1,i' ;,>t ,' orated
during the development prograrme a z - .,, " : 1 .sge o., . ;y e- and
the costs are lower ard Iomparat!v,- -a-;- 0w 7e ., -r ' '0 c. ,f powerful
computing facilities f r geeril ,rv, ,- ................. - . ' -.r, i-tinuing
advances in analysis techr <'ii ftc , - -; - • ' .-. , r t analysis.
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providing valuable rifirm : r,. . .1 " . e. r A-,.. r aircraft
using an already provi led & w .-,-.',ii.,-.gr ;,a! ity
recording of raw data a-l 1.r-, .t. . .... .f ta
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Fig 5. Sea King MRGB Lay Shaft Showing Apparent 20 Teeth (43 Teeth Actual)

b. A Wessex tail rotor gearbox persisted in generating high output shaft vibra-
tion when installed in numerous aircraft. Fig 6 shows the modulation of input
gear mesh by the input shaft. Subsequent alignment checks on the input housing
confirmed this diagnosis. On fitting another housing the modulation manifestation
disappeared and after installation on an aircraft the vibration checks were well
within the limits.

Fig 6. Signal Average of the Wessex Tail Gearbox 17 Teeth Input Pinion With Once-Per-hey

Modu lat ion.

SERVICE APPLICATIONS

16. Having now described the techniques in detail and given some examples of their use,
it is appropriate to look at how we are planning to exploit them. While our oldest
aircraft, because of their reducing numbers and limited future are not good candidates
for investment, we have had a careful look at -he introduction of Viol to the Lynx and
Sea King. Table 2 gives details of the current gearbox lives. The Lynx has been in
squadron services for 7 years and the Sea King a great deal longer.

Table 2 Current HN Gearbox Lives

Lynx jea King

Gearbox
TBO (hrs) % Lifex TBO (hrs) % Lifex

Main 900 37 2000 16

Intermediate 1 1800 30 2500 33

Tail 1800 18 2500 26

2 pinion and 3 pinion

With the exception of the Lynx main gearbox, overhaul lives represeit around 5 years
actual flying at our modest rates. The Lynx figure is low because of problems with the
early 2 pinion gearbox which is unlikely to get beyond the current figure. It will
eventually be replaced with the more robust 3 pinion unit which is still irk the early
stages o)f TB0 extension. However, partly by exploiting civil and Dutch naval ex perience
with this gearbox, we hope to get up to 1200 hours shortly and then progress in stages
to at least 2000 hours. It is also important to note that many gearboxes fai to reach
their declared overhaul life since only these boxes stand to benefit from any further
TB extensions.

ii. The scope for increasing the MTBR, and hence reducing the annual number of overhauls
is therefore clearly limited. For example, with the Sei King main gearbox which is showing
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Raw Signal Average 
FOM 4 Residue

Fig 45: Lynx MRG5 Conformal Wheel Test - 110.15 Hrs

b. At 110.15 hours

(i) Signal Average - Nothing appears as obvious events.

(2) Residue - The tail and starboard pinion meshes are apparent as impulsive
events and a burst of activity reveals in a general sense the position of the

port pinion. FOM 4A rises from 5.1 to 6.3. FOM 4B rises from 0.12 to 0.19.

Raw Signal Average FOM 4 Residue

Fig 4C: Lynx MRGB Conformal Wheel Test - 118.25 Hrs

C. At 118.25 hours

(1) Signal Average - Some distortion of the signal average is apparent.

(2) Residue - The discrete nature of the events is obliterated by the

increase in the noise. FOM 4A falls from 6.3 to 4.0. FOM 4B increases from

0.19 to 0.41.

14. The above example has been generated to illustrate a number of points:

a. The FOM 4 routine has to be used in order to achieve the required sensitivity

for fault correction.

b. A mesh pattern character may become obscure as the tooth failure progresses, say

into gear web.

c. FOM 4A has excellent sensitivity for discrete events but can fall away as the

Failure progresses as mentioned above.

d. FOM 4B, whilst sluggish to respond, quantifies the random energy 'leaking' into

the residue, and can be expected to increase as the damage progresses.

Thus trend analysis, obviously an important element in any form of machinery monitoring,
cannot Ce simple, particularly if done through a sampling programme. If the best diagnosis

of faults is to be extracted automatically from the FOM package, some form of matrix of

parameters will have to be constructed. This will allow for the fault to progress as a

generally increasingly level, or for the fault to register only at s)me stage(s) of its

development.

15. Further possibilities of fault data collection on gearbos (and other assemblies) occur

from troubleshooting and test bench investigations. Two examliles are quoted:

a. Following a pilot report of unusual vibration from a Sea King main rotor gear-
box, an investigation was carried out. This revealed that the accessory free-wheel

lay shaft when operating was in torsional resonance, hence the audible noise. The

raw signal average for the shaft is shown in Fig 5. The apparent half number of
teeth confirms the resonance phenomenon.



Fig 3: Mechanical System Diagnostic Analyser (MSDA)

TRESUL 'S

I Fur any monit; ring programme the repeatability of the chcsen parameters has to be
Soa ly f data from the Lynx main rotor gearbox gears has enabled values to be

- a f- r toe FM procedures and the values have been snown to remain largely within
close it or a given gear on an aircraft when recordings are made on 2 or more
iccasi ns. The signature obtained from the 3 aircraft were also closely similar. This
nos Andblecl the bounds for a normal gearbox to be provisionally established. It is
believed .hat the above repeatability is in no small way due to the non-dimensional form
of the FOMs. The efficiency of gear fault detection for a variety of faults has been
,s'aoisnhed by analysis of archival tapes, viz Westlarids Helicopter fatigue substantia-
* tn gearbox trials where, in a number of high load tests, gear failure progression has
b-nct recorded. Fig 4 shows Lynx wheel tooth/web failure progression. In each revolution
,A tne wheel the damage goes through 3 pinion meshes spaced 900-900-1800.

FhM ,4 Residue

haw Sigral Average

Fig 4A: Lynx MRG> Conformal Wheel Test - lh%.4t irs;

a. At 105.4 hours

) ignal Average - Clearly an 84 tooth, gear appears good.

(2) Residue - A double event is obvious, the port pinion contribution is not
readily seen probably because of the transducer siting. F,)V 4A rises from 3.1
to 5.1 FOM 4B remains static.

,., ,. mm •mlmmmm-mm ~ m imm m • m -.,m . n I



,oreect inj the cops of the lines is shown.
in Fij. 15, a line component occurs at
,"-ih liscot inuity in slope, since the
t rps f tile spectral lines have been
:,nected there by straight line segments.
i' spectrum shown in Fig. 15 no longer 4i
appears periooic to the eye because it is
pfltted on a logarithmic axis of harmonic
numbers; however, the positions of the
t,) th-meshing harmonics where the nulls
and stru)ng sircebands occur clearly are
evidlent there.

The product o the tooth-spacing

error spectrum /2 B, (n)' 1,. 120)]

illustrated in Fig. 15 and the tooth-
spacing error mesh transfer function "

11)A) illustrated in Fig. 14 is hiTA , AL -. RV N
'  

r,
hown plotted on log-lo coordinates in

Fig. 16. The tops of the spectral lines
are connected by straight lines in Fig. Fig. 14. Tooth spacing error (k=, 1=0)
16, just as in Fig. 15. Thus, Fig. 16 mesh transfer function magnitude
is a plot of the envelope of for a 50 tooth spur gear with

) 11V2'hO0 (n)'*001/N A)' which is the Ot= 1.819.
togth-spacing error coniribution from a
single spur gear to the rms harmonic
amplitudes of the static transmission
error, which i., the vibratory excitation.

It is instructive to compare the mesh
attenuated spectrum of tooth-spacing
errors shown in Fig. 16 with the un-
attenuated spectrum )f tooth-spacing
errors shown in Fig. 15. In comparin j the
amplitudes of the first few rotational
harmonics that occur at the discontinUl-
ties in slope, we see that there is
negligible attenuation of these harmonics
arising from the averaging action of the
multiple tooth contact, since the tooth- &
spacing errir mesh transfer function shcwn .
in Fig. 14 is approximately unity in this
low-order harmonic number region. We also
see that the strong sidebands that occur
periodically in Fig. 15 in the neighbor- - -'

hood of each tooth-meshinj harmonic are A oA,
very strongly attenuated in Fig, 16 by
the nulls in tile tooth-spacinj error mesh
transfer function that are seen in Fig. Fig. 15. Envelope of tooth spacing error

14 in the neighborhood af each tooth- spectrum -7 B00 ( i)n 'I (k=0, X=U)
meshing harmonic location. Finally, we on logarithmic harmonic number
see that the overall slope of the spec- axis tor a 50 tooth gear.
trum shown in Fig. 16 decays at a "rate"
of 6 d1i per octave in the high harmonic E
number region - which is the decay of tile
mesh transfer function shown in Fig. 14
in this same region.

8. OVERALL BEHAVIOR OF THE EXCITATION >
SPECTRUM ARISiING FROM A SINGLE PINION '
OR GEAR

By examining the large harmonic number
asymptotic behavior of the dominant term in
Eq. (95) of reference 2, one can show [2,31 7

that the eqvelopes of the magnitudes of the i
mesh transfer functions for helical gears !- K
are asymptotically equal to

*kI~ 
1  

( (2k+I_)(2I+1)( n/2 n\2
A)kt n/ v -) A ____

""aQt 
1
N) C(,AT 'A 1MG, V SI

(25a)
Fig. 16. Envelope of tooth spacing error

Similarly, by examining the large har- contribution (k=0, 1=0) to the
monic number behavior of the dominant static transmission error Spectrum
term in Ej. 1110) of referesce, 2, one can for e 50 tooth spur gear with
show (2,31 that the evelopes of the Ot 1.819.
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magnitudes of the mesh transfer functions for spur years are asymptotically equal
to

0 ( n/N~ (24+1) 1/2 n _) 25b

Quantities 
0
a and Qt are the axial and transverse contact ratios detined by Eqs. (8) and

(9). The decay in harmonic number n of the right-hand side of Eq. (25a) as n-
2 

yields
the decay "rate" of 12 dB per octave in the large harmonic number region of the mesh
transfer functions shown in Figs. 10 through 13. The decay in harmonic number of the
right-hand side of Eq. (25b) as n-

1 
yields the decay "rate" of 6 d8 per octave in the

large harmonic number region of the mesh transfer function shown in Fig. 14 and the mesh
attenuated error spectrum shown in Fig. 16.

As we have mentioned earlier, the mesh transfer functions (n/N( "A) describe the
effects of the smoothing action of multiple tooth contact on the Aeviations of the tooth
surfaces from perfect involute surfaces. From Eq. (25a), we see that in the large
harmonic number region, the envelopes of the mesh transfer functions for helical gears
depend on the axial and transverse contact ratios only through their product QaQt , which
has been called [31 the aggregate contact ratio ACR - see Eq. (Ila). This same
dependence also has been found to be true of the loading dependent component, as can be
seen from Eq. (10a). Similarly, from Eqs. (25b) and (10b) we see that the envelopes nf
the mesh transfer functions and loading dependent component for spur gears in the large
harmonic region are inversely propor-
tional to the transverse contact ratio Qt To a First Approximation. Gear Design Parameters
which, according to Eq. (1Ib), is the Influence Static transmission Error Spectrum
aggregate contact ratio for spur gears. One Aggregate Parameter, ACR:
Thus, it follows that a single design
parameter, the aggregate contact ratio,
characterizes to a first approximation ACR AggregateContact Ratio
the gear mesh design parameters insofar
as the vibratory excitation is concerned . OaQtforHeliclGems
[2,31. From Eqs. (l0a,b) and (25a,b), it
follows that doubling the ACR will de-
crease the excitation by about 6 dB in the =Ot for Spur Gears
general region of the tooth-meshing
harmonics where the asymptotic approxima- 0=Axial Contact Ratio FL/AA
tions given by Eqs. (10a,b) and (25a,b)
are valid. In Fig. 17, the axial and FN"co 0tanV
transverse contact ratios are related to -

fundamental gear-mesh design parameters, i
where F is the face width of a single b(Da)b
helix, 0 is the tooth depth [31 illus-

trated in Fig. 3, (Dia) () is the base (tTranerse ContactRatio L/

cylinder diameter, N( ) is the number of
teeth, # is the pressure angle, and * is DNU' csc
the pitch cylinder h.'lix angle. x I i=x (ia)

From the preceding material, we can
conclude that the various components of Fig. 17. Influence of gear design param-
the static transmission error from a eters on the static transmission
single pinion or gear contribute to the error spectrum.
vibratory excitation spectrum as shown
in Fig. 18. The lighter spectral lines shown in Fig. 18 represent the rotational
harmonics that arise from deviations of the individual tooth surfaces from the mean tooth
surface [1-3). The heavier spectral lines represent the tooth-meshilg harmonics that
arise from the deviation of the mean tooth surface from a perfect involute surface and
from elastic deformations of the teeth and gear body.

II44

Fiy. 18. Contributions to static trans- Fig. 19. Rotational harmonic structure of a
mission error spectrum from hobbed and shaved gear (from Ref.
various types of tooth errors 12).
from a single pinion or gear.
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Since the str egths of all mesh transfer functions except that for tooth-spacing
errors are small in comparison with unity in the region of the first few rotational
harmorcs (see'><Us. I0-l3), the dominant contribution to the first few rotational
harmonics will arise trm tooth-spacing errors (k = 0, L = 0) as defined by Eqs. (12)
through (17), Table 1, and Fig. 7. Furthermore, since the tooth-spacing error mesh
transter functions have nulls in the neighborhoods of the tooth-meshing harmonics, and
since the other mesh transfer functions generally do not have nulls in the neighborhood
of tie tooth-meshing harmonics, the pairs of sidebands closest to the tooth-meshing
harmonics should be dominated by error types other than tooth-spacing errors. Finally,
contributions to the tooth-meshing harmonics arise from elastic deformations of the teeth
and gear bodies and from the deviations of the mean tooth surface from a perfect involute
surface, whose expansion coefficients are given by Eq. (21a). In the above siscussion,
it has been assumed that the stiffness characteristics of all teeth on a pinion or gear
are the same.

The strengths ot the rotational harmonics that surround the tooth-meshing harmonics
are not necessarily negligible or small in comparison with the strengths of the tooth-
meshing harmonics. igure 19 shows on an expanded frequency scale a measured
structureborne vibration velocity spectrum arising from vibration excitation by a hobbed
and shaved helical gear. The amplitude scale is logarithmic and the frequency scale is
linear. dnly the portion of the frequency scale in the neighborhood of the tooth-meshing
fundamental frequency n = N is shown in Fig. 19. In this particular case, a few of the
rotational harmonic levels are higher than the tooth-meshing fundamental.

To obtain the Fourier series representation of all contributions ot the static
transmission error spectrum from a meshing pair of gears, the mesh attenuated Fourier
series coefficients given by Eq. (23) for each gear of the meshing pair are superimposed
and added to the Fourier series coefficients arising from elastic deformations of the
tceth anA gear bodies given by Eqs. (6). Thus, the tooth-meshing harmonic contributions
ot this sum are given 11-3] by

am = wp .l( 2 J , p = 0,±l,*2,... (261
mp 'p*'N P

where p denotes the tooth-meshing harmonic number, tne a wp are the elastic deformation

contributions given by Eqs. (6), and a(1JN1) and .(2N 2) are the contributions given by Eq.
pN pN

(23) from gears (1) and (2) of the meshing pair for their respective tooth-meshing
harmonics n = pN,' and n = pN

(2 )
. Subscript m on the left-hand side of Eq. (26) denotes

that the tooth-meshing harmonic contributions arise from the mean deviations of the
loaded tooth surfaces trom perfect involute surfaces. The remaining rotational harmonic
contributions are given by the superposition of the remaining terms in Eq. (23)

(n * pN
(
.
) ) 

from each gear of the meshing pair. These rotational harmonics from the two
meshinj gears generally occur at ditterent frequencies due to the generally different
numbers of teeth on the gears [i1].

9. MFASUREMENT OF TOOTH SURFACES- _

To utilize Eq. (16) to compute the
Legendre expansion coefticients, we
require, in principle, the deviation

n(.) (j,z) o every point y,z of the
r ..nih surface (Figs. 3 and 6) of every ,=
tooth Jof gear (.) . Measurement of the q 3

devIation n , y,z) at every point 2 _

'learly i s fpossible to accomplish. 1 I

However, a good approximation to the c 1 of 3

surface n(' (y,z) can be obtained by a
kind ot t -dimensional interpolation
[4) between conventional lead and profile
deviation measurements. If Gaussian Fig. 20. Positions of 3 profile deviation
quadrature is used to evaluate the double measurements and 4 lead deviation
integral in Eq. (16), one can argue [41 measurements located at zeros of
that the lead and profile measurements Leqendre po'ynomials ot degrees 3
should be located at the zeros of legendre and 4, respectively.
polynomials defined over the spans F and
0 shown in tig. 6. Figure 20 shows the locations of tour such lead measurements and
three such profile measurements. For vibration excitation predictions, three lead
measurements and three profile measurements on every tooth, located at the zeros ot
Legendre polynomials of degree 3. should provide excellent results.
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DIS(USSION

B.A.Shotter. UK
Gear tooth spacing errors as measured on gear inspection machines can differ in character depending upon the way in
% hich the gears have been produced. Some pitch errors are fixed in the rotational angular position, others travel around
the gear with the tooth when it is helical. I lave you considered the implication of these two types of spacing errors'?

Author's Reply
The pitch errors that are fixed in rotational angular position will tend to produce the same error at progressively
different values of axial location (Fig. hi on successive helical gear teeth. The measurement method that we use (Fig. 21)
to measure deviations of tooth surfaces from perfect involute surfaces is certainly capable of measuring such errors.
However, the Legendre polynomial method that we use [Figs. 12-17 and Fig. 71 for representing the measurements
illustrated in Fig. 20 Would characterize such behaviour as a variation on successive teeth of pure lead mismatch
dev.iations (k = I, I I 10) turc lead crowning deviations (k =2. I = 0) (Table 1).

On the other hand, the pitch errors that travel around the gear with a particular helical tooth will tend to show up in our
l-egendre polynomial method as a pure tooth spacing error of whatever tooth they are following.

F. da Silva. Po
Could you comment on the influence of the lubricant on your analysis as it seems to assume a dry contact?

Author's Reply
Our analysis assumes that as the line of contact sweeps across the tooth face (Fig. 3) there is negligible variation in the
oil film thickness. If this assumption is true, there is no need to bring oil film considerations into the analysis.

E.Saibel, US
It seems to me that your method could be applied to the situation where wear is taking place and your system would
become almost periosdic.

Author's Reply
As long as there is negligible additional wear over the duration of a single revolution of a pinion or gear, we can retain
all of the periodic assumptions used in the analysis. However, any long term wear components that are common to all
teeth on a pinion or gear will change the levels of the tooth-meshing harmonics. whereas any long term wear
components that differ among the teeth w ill change the rotational harmonic levels of that particular pinion or gear.
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SIMMARY

Progress in transmission reliability can only come from a full understanding of
what causes the limitation of tooth load carrying capacity. This paper will
discuss the many aspects of tooth failure, the significance of various
Initiaion areas, possible approaches to improve the critical areas and other
relevant factors.

INTRODUCTION

Whilst the text books usually classify tooth failures as surface fatigue (or
pitting), root breakage, lubrication breakdown or scuffing, the minor details
of any particular failure can often ieveal a lot more useful information. Some
failures are not always what they seem at first sight. The misinterpretation
of failures can lead to conflict between the evidence from different tests.
This reacts further into the design of new gear systems which cannot he as
reliable as one would like unless the input data accurately relates to the
design formulae being used. It is, therefore, extremely important to analyse
all failure data, however obtained, very carefully indeed to extract the
maximum amount of information that can he derived from the observable evidence.

euccessful operation teaches one very little: catastrophic failure might occur
with an extra five per cent load or gears might he fifty per cent heavier than
they need to be. Only by testing to failure can one judge safety margins or
attempt to make changes that will improve load capacity. The process of
assessing any particular failure involves a large number of questions and
answers. Some questions may he definable before any failure occurs, hut others
only appear in reaction to the particular set of circumstpnces that are
relevant for this specific combination of observed facts. Although this may
suggest that one cannot lay down any hard and fast fules that will he capable
of general application, it is possible to indicate the basic guide line- that
can he followed. In many ways one might say that the st,5s outlined in this
paper are 'self-evident', however it is surprising how many times peonle only
attempt to answer a part of a problem. Papers and reports often show examples
of failures which raise questions that are not answered in the text. One can
only assume that the authors never realised the poqqihle significance of the
evidence.

If one Is attempting to analyse a specific fai lure case then it is importint t,,
start with a clearly defined obiective, to understand the reason for the
failure. Many reports have been produced t'lat end with a statement defining
the nature of the Failure and do not attempt to in-estigate 'why it happened'.



This may happen because the investigation has been placed in the hands of
people who only have limited information given to them. Metallurgists may he
given a failed component and he asked to give the reason for the failure. They
can usually define the type of failure and can help by invesLigating whether
the metal Is to the standard required hv the drawings. However, they are often
not in a position to comment on the actual operating condition in relationship
to component accuracy or dynamic loading effects. A broad-minded approach is
essential if one is to derive the maximum benefit from investigations into gear
failures. This may well mean having failures investigated by a small team who
contribute from their own individual disciplines. Testing to failure can be an
expensive procedure, It is important to derive the maximum benefit from the
results that are obtained.

Whilst it is often important to know what the ultimate failure mode might he
for a full 'Failure Modes and Effects' analysis. It must also be stated that
such tests can obscure the real origins of the initial failure. Early
detection of possible failures can he very important in pin-pointing the true
causes of failures. Such observations can often lead to minor modifications
which may have very significant effects on the reliability or load capacity of
the components. Thus 'Health Monitoring' techniques can play a very important
part in the development of new transmissions as well as their more usual
'in-service' role.

As already mentioned it is impossible to lay down a simple logic procedure
which will serve for the analysis of every failure case. Thus the approach
offered starts from the three classical failure mechanisms and suggests some of
the ways in which the basic failure should he considered. A further section
considers the implications of micropitting on gear failures.

DISCUSSION ON TOOTH BREAAGE QUESTIONS

When a gear tooth breakage occurs it can be of a single tooth with others
showing little effect (a). This may mean a local material flaw or
manufacturing damage at the root of that tooth alone. Alternatively there
could have been a major shock load which caused the failure. The character of
the fracture may help to distinguish these. If a gear were operating just in
the finite life zone of its fatigue capability, then one would expect to find
cracks at the roots of a lot of the teeth. The more teeth that are cracked,
the more significant the result in terms of the definition of fatigue

properties (h).

Sometimes one finds a pattern of failures such that teeth have failed or
cracked in a symmetrical manner, say a four-fold symmetry. This can be due to
a fundamental vibration of the gear itself or a cyclic loading pattern that may
or may not be expected (c). When one tooth fails, the su'bsequent damage may be
very considerable with extensive plastic deformation as teeth hit tip-to-tip or
smash their way through others with impact failures. By carefully sorting
through the debris it may be possible to find one or two fragements of teeth
that clearly show fatigue fractures which are likely to be the initiation areas
for the failure (d) (e). Fatigue, in its early stages, is usually recognisahle
by the smooth character of the fracture surface, rapid rack propagation is
recognlsable by its much rougher fracture surface.



TOOTH BREAKAGE OIJESTIONS CHART A

a) How many teeth have broken?

h) How many others show cracks?

C) Are the failures all adjacent or is there any significance in the grouping
of the failures?

d) Which tooth failed first?

e) Was the failure by fatigue or excessive overload?

f) Was the failure origin at the tooth end or in the middle of the facewidth?

g) Did the failure originate from the contact area or from the root area'

h) If It starts on the root fillet area 4s its initiation point high tip the
fillet or down near the root diameter?

i) Having been initiated how does the cracl, develop?

I) Is the origin on the anticipated side of the tooth?

k) Are there any abnormal defects in the tooth root geometry?

1) Is the metal in the correct hardness condition near the origin?

m) Has the correct case depth heen produced?

n) Does the fracture surface show changes in the crack propagation rate?

o Can one detect any inclusions near the origin?

n) Were there any abnormalities in the unit operatinp characteristics?

q) Is the gear rim structure likely to contain stresses that could influence
the failure?

r) Did the tooth fail as one single fragment or as a series of pieces
breaking off?

s) Do any other parts of the transmission system show evidence of abnormal
loading'



The position of a fatigue origin can he important. Was the loading uniform
across the facewidth? If the crack originates at the tooth end it may he
suggesting a heavy end loading. Failure sometimes start over a web where tho
relative tooth stiffness may he higher than at the ends of the facewidth (f).

Whilst the classical tooth breakage is expected to start from the root fillet

area manv failures don't seem to have read the text hooks. They may have
started as a contact area failure with a crack that has propagated towards the
tooth root. In this area the root bending stresses may take over, to continue
the crack propagation and cause tooth breakage (g). The failed tooth fragment
is often more helpful here than looking at the main body of the gear.

Pven where the failure origin is away from the flank contact area the position

of the origin may signify that factors other than simple bending are
involved (h). For example, if a wheel rim is shrunk on a hub the high
circumferential rim stresses can cause the cracks to initiate very low down in
the root fillet. Tn this case the subsequent crack development may he almost
radial through the rim as the crack tends to propagate across the line of
tensile stressing (i. Material flaws can also affect the crack development.
quch effects may cause a root fillet initiation on a helical gear to run

axially along the gear only showing small de-iations due to the root stresses
when the crack progresses into adjacent root areas. Particularly in cases like

this, one must check that the origin is from the normallv loaded side of the
teeth. Occasionally cases are found where the failure origln te on the wrong
side of the tooth (j)! These may indicate that braking torques are well in
excess of the normal designed drive torques. Or sometimes that equipment has
)Pen operated in a manner for which it was not designed.

When only one tooth shows a failure and cracks cannot he detected at other
roots one must suspect some local ahnormalitv in that vicinity (k). This might
be corrosion or some local machining defect or an inclusion in the metal (o).

These defects may he characterised bv very clear localised 'eyes' to fatigue
crack where one would otherwise have expected the stress to he relativelv

uniform along the tooth root fillet.

The basic metallurgical characteristics of the metal are important hut it is
necessary to check the properties of the area adiacent to the failure as wll
as the bulk properties. Local hardness deviations have been found in a number
of cases (1). Sometimes these may he difficult to explain hut there are
several mechanisms which recur more often than they should. The root surface
may have been decarhurised leaving a thin low fatigue strength layer ideal for
Initiating cracks. A second reason for low hardness material may he that the
tooth grinding has removed a lot of the case depth (m). This has a double
effect in that the material is intrinsically of lower fatipue strength and in

addition the characteristic compressive stresses induced hv the hardening
prncess will also he reduced.

T
€ 

the fracture surface shows changes in the propagation rate it may he
possible to read a time history of crack devlnpment related to starting cvcle(s

perhaps. It Is not Infrequently found that ,lectric motors exhibit verv high
accelerating torques which can he in exce.s of the fatip o limit torqules (m).
Other abnormal torque onditlnns might he important such as ruinninc ml
transmission system resonance conditions (pl.
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Whilst rim hoop stresses have been mentioned previously it is possible for gear
rims to contain stresses for other reasons. There are probably many reasons
for this but some are as follows (q):-

a) planet pinions where roller bearings act internally on the rim;

h) spoked gears where the twisting moment locally distorts the rim;

c) high speed gears where centrifugal stressing can become important.

When a tooth fails as a series of small fragments rather than as a single piece

(r) it can be a sign of very bad face alignment, although there is also the
possiblity that it may imply a failure from surface initiated damage.

It is always important to consider whether any other parts of a system show
characteristics that could support particular hypothesis. If perhaps a single
tooth has failed with no evidence of any other teeth being damaged on the same
gear, one might suggest a sudden overload. In such cases the pitch checking of
other gears in the system may show errors that were all caused by the same
event (s). Some couplings and freewheel systems can also show overload

evidence.

M)SCUSSION ON TOOTH CONTACT FATIGUE QUESTIONS

One characteristic of tooth contact fatigue is that the damage to one surface

can leave the other almost unmarked. Again the question of where the damage is
observed may be significant In different ways. Gear alignment may cause the
damage to be concentrated to one end of the facewidth. But this is not

necessarily the only reason for damage at one end: cases have been known where
the material hardness has differed significantly along the length of a pinion.
Surface finish can differ across the facewidth with some production methods or

there may be a considerable temperature gradient, either of which might provoke
assymetric damage.

Circumferential variation of damage may also he found which can indicate
hardness variation again, although a streak of inclusions due to dirty steel

may give rise to a hand of contact fatigue damage which can run axially across
helical teeth.

Pitting tends to predominate as a failure mechanism on through-hardened
materials but with harder clean steels there tends to be less of the classical
pitting damage. Contact fatigue often becomes associated wit]i local debris
damage, perhaps due to local case cracking in case-hardened kears. Very bad

surface finish can also provoke such damage, as can large sub-surface defects
due to Inclusions or high case-core interface stresses. Th( latter are uhually
associated with inadequate heat treatment procedures, these may also he
associated with thin cases where case-crushing and exfoliation or removal of

the surface-hardened layer may also he found.

The fatigue susceptahillty of a surface may he increased by local shear
stressing caused by scuffing damage. This may have been relatively minor in
the lubrication breakdown sense, but the local high traction forces associatel
with the minor contact welds subsequently fail by pitting. Another factor
which can be a precursor to pitting is micropittin. Here a very fine scale



TO(TH CONTACT: FATICUF OUESTIONS CHART B

a) Are the pits in similar areas on each tooth'

W) Is there pitting damage on both whel and pinion?

c) 1: the answer to (h) is "yes", are the damaged areas in contact with one

another?

d) Are the pits in the dedenda only?

e) Is the apex of the pit in an area which has a mocified surface appearance,'

f) What was the original surface finish like?

g1 Was the lubricant viscosity appropriate for the operating condition,?

h) Is there anv evidence of water in the oil?

i) If the gear is case hardened, is the case depth adeqpac',7

j) When a flake reaches the edge of a tooth does the crack tend to follow a

case-core interface7

k) Poes the fatigue development pattern oriRinate from a suh-s,rflce defect?

1) Are there many large non-metallic inclusions in the steel?

m) Is the pit size larger or smaller than the instantaneous Hertzian contact
zone width?

n) Could the pits have developed from an earler scuffing of the surfaces
(look at both pinion and wheel)?

o How long have the gears operated?
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contact fatigue is involved where the size of the individual pits is too small
to be easily resolvable by the naked eye. Such pits are usually an order of
magnitude smaller than the width of the Hertzian contact zone or even less,
whereas conventional pits are comparable in size to the Hertzian contact zone
or even larger.

The lubricant can play a significant part in provoking pitting damage. The use
of low viscosity oils where higher values should have been selected is a fairly

common explanation. Another factor known to aggravate pitting damage in
otherwise satisfactory lubrication conditions is the presence of water in the
oil. A gearbox is frequently subject to quite wide temperature cycling and on

cooling down can draw moisture laden air into the casing. This can condense on
the cold metal and the water droplets so formed will run down under the oil
Into low recesses. Subsequent operation of the gears breaks up the globules
hut when they get between the gear teeth they do not have the pressure
coefficient of viscosity that oil has and, in consequence, cannot form a
separating film between the teeth. Such local areas may have high friction
which provokes contact fatigue directly or they may give rise to minor scuffing
areas which then fatigue in the the manner mentioned previously.

nTSCUSSTON ON TOOTH CONTACT MICROPITTING OCFSTIONS

Micropitting is a surface fatigue failure which is also known by the names
'frosting' or 'grey staining'. It is characterised by the fact that the sizes

of the pits are very small in comparison with the size of the Hertzian contact.
They are usually associated with the peaks of the surface topography in their
early stages but the pit depth is only a fraction of the peak-to-valley height.

In its own right the apparent improvement in surface finish might be thought to
he beneficial, however, from this initiating damage can develop failures that
look similar to any of the classical forms of tooth damage. It is, therefore,

most important to recognise the true origin of a failure if design improvements
are sought. The full understanding of the failure process is still under
investigation but the observation of the failure characteristics can sometimes

explain differences between successful and unsuccessful examples of the same
gear design.

Where the damage is found (a) can show local 'edge of contact' area problems,
perhaps inadequate tip relief. Although with correctly designed gears the

damage is more usually found In the dedenda of the teeth. The pattern of
damage can vary considerably from tooth to tooth or may he relatively

consistent according to the characteristics of the mating sorfaces. Sometimes
it Is only found on one of a meshing gear pair. This usually indicates a
hardness differential between them. When it occurs on hth members it seldom

affects both parts of an Instantaneous contact area (h).

qurface finish characteristics can vary from root to tip on a tooth flank and

may be responsible for damage being confined to either addendum or dedendum.
If a patch of damage bridges the pitch surface of the gears the appearance will
change abruptly at the pitch line since the angle of the microcracks changes
with the sliding direction. However, a bright or dull stained appearance can

andcot.... vc and develupi g damat- , i dud tnert damage (d). Wil ilSt



T
OpTH CONTACT: MICROPITTING OUESTIONS CHART C

a Where is the damage found?

h) Is it on both pinion and wheel?

C) Does it occur in both addendum and dedendum?

)) Has the damage a bright or dull appearance?

e) What was the nature of the original surfaces
9

F) Has any surface treatment been used?

& At what temperature has the unit operated'

"- What tVe of lubricant was being used?

) Which manufacturer produced the particular luhricant?

; 'ad 'be lubricant been changed'

H Pw lo ng had the unit hwon ,petit ici?

A b're 'he gears spur or helica'

-1 Pi- ;Ienilicant erosion Occurr-'

'W it has happened to the dehriW'

A Magnetic plugs.

lf) Filters.

fit) Magnetically active dark film.



arlox overhauls may observe the ol
1 stained appearance it is not unoito ul f or

assembly to Initiate a reawakening ,f the damage process. Changes in
inding wheel type or machine process can bring about variation in a de gn

qceptabilitv to this type of damage (e).

art from the basic manufacturing methods, surface treatments can lead to
mage of this nature. Phosphate anti-scuffing processes are particularly
one to render the surfaces more sensitive to micropitting (f). Shot peening
tooth roots may cause scatter peening of the flanks and initiate areas of

cropitting. Since surface roughening makes things worse it also follows that

proved oil film thickness can reduce the damage. Thus changes in oil
scositv may alter the characteristics. This may mean altering the type of
I used or modifying the operating temperature which can he equally beneficial
as far as film thicknesses are concerned (g/h). Whilst viscosity is the

st obvious variable it has been found that oils produced to a common
ecificatIon by different manufacturers can have major differences in
erational characteristics. Presumably the local asperity frictional forces
n be modified by additive differences (i/jf.

e types of damage developed can relate to whether the teeth are of spur or
lical form. Spur gears are more prone to erosive wear damage by micropitting
nce the motion errors produced by the damage increase dynamic loading and
celerate the process further. With helical teeth significant erosive damage
sometimes found hut the helical characteristics preserve the motion
iFormity (1/m).

llst most of our interest is concerned with the effect on the teeth
emselves it is also important to consider what happens to the material
roved from the tooth flanks (n). The verv small size of the fragments often
lv a few microns across by a fraction of a micron thick means that this

bris can he easily transported by the oil. Many filters have pore sizes
rough which it can pass. The particles are, however, often large enough to
idge the oil film generated in rolling contact bearings and may he
;ponsible foi life reductions. Sometimes the debris is retained as a

,netically adherent film on other steel components. 'Magnetic sludge' can
'en he micropitting debris.

CUSSION ON TOOTH CO(NTACT LURRICATION FAILURE CITESTIONS

, two previous sets of questions have related to relatively simple fatigue
,cesses associated with gear tooth operation. The mechanism of oil film
lur- may he far more complex and is certainly less easily understood. Many
m's of damage may he observed and attempts are sometimes made to subdivide
damage by terms such as scuffin, scoring, riAging, rippling etc. This

se unnecessary difticulties in trying to identify which form of damapo one
on a particular set of components; demarcations between these effects are

v Indistinct. The first essential factor to lonl, for is that both
tacting areas will show similar damage effects (a). This may 1,e influenced
differential hardness so that sometimes friction-welded lumps of softer
erial are smeared over the fare of a harder tooth as ridges running up the
th height. Correspondingly there will be grooves and perhaps evidence of
n areas from which the metal has beenr ........ J1" - 3ep)i of damage can ,ary
v considerably hut the magnitude of the sliding-to-rolling action on the
th and the material characteristics are probably the factors that most
lupnce this.
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New technologies which could be used were:

Mg casting for the housing with a minimum thickness of 7 mm

ESU steel for the gears
Special aircraft bearings with vacuum degassed steel.

In 19' is design has to be changed in o' r to allow higher power level and to increase the so
(picture 3).

Main Rotor Mast

Swashplate

Titanium Flange

Picture 3:

Planetary Gear Drive FS 72 B Transmission

. Fan Transmission
Aeo Tail Rotor Output

Collector Drive Drive with Freewheel
Intermediate Shaft with
Bevel Gear

, Oil Pump

At that time only minor changes in the inner parts of the transmission were performed (bearings with higher

capacity, the width of the bearings etc.) but the same technology was used.

MCP 2 x 350 PS

OEI I x 385 PS

Picture 4: FS 112 Transmission

In 1977 a redesign was necessary becaue the power level had

to be increased drastically (picture 4). At that time new
advantages in technology could be used:

O Mg castings with a minimum thickness of 5 nm

ONew sperial aircraft bearings with integrated fining

, devices, vacuum melted steel and optimized load
' carrying capacity

Use of titanium for shafts and for the planetary
carrier

'Dual oil lubrication systems-



DEVELOPMENT OF DRIVE SYSTEMS

The introduction of new technologies in the pant 20 years had a strong positive influence on the
development of the drive systems, mainly on raintransmissions of helicopters.
This product improvement tendency is demonstrated in the following by the example of a light multi-
purpose twin engined helicopter.
The development of the transmission for this two ton class helicopter began in 1962.
The design objectives for this program were:

power ratings of MCP 2 x 250 PS
OEI = x v 300 PS

Picture 1 shows technical details of the design, which uses all Known technologies at that time,
which were:

Mg Alloy casting for the housing with a minimum thickness of 8 mm

Standard bearings of the normal industry production with aircraft standard documentation

Normal gear steel

Picture 1:

FS 72 Prototype Transmission

.in tor Mast.,t-

Pilvlrtarv ea
Tail Rotor hxitt I .tlrie

Bevel ;"ir Planetary Cae
iCiolllaztor Shaft) internal 'kar Picture 2:
Aceenace Drive aiN . San Grovea shaft Schematic drawing ofFariI ntenrsir Driver
Fneaanviy Drive r an Holivnq the Transmission

Airesvi- Drive and ..a cJI Fan Tr .ion

DIternaiate Shf 1 t lit it
Bevel :i.r F

fCollector Shaff) S 11 1 f tL

SFletzo 1'1,,wh

IF-,
lieDre) VpI nix Shift

Shaft Oil SorB
I Sector wn i erI

Sort-ir Filter

Pitvre 2 shows s, h-raI.r ally the f t: *,,r, f this I stage transmi',sion. the first stage is built up with
:'evel qears with a rduition rate of .,. The seni t age is constructed a a spur gear which collects both
input power trans (reduitin rate, I.,". The last stage is performed as pletary gearing with a redaction
rate of I. Additional drives for tail rotIr, iI pu1ap, hydraulic pumps and blower are activated via additional
Dears nounted on the P fit , 'ages,
,,6 7h, l o ,ent,,f the rodart in type transmission hiean. Vesioemer oblectives the power level was
increased by

M" ? 0 ?20 P"
IEl 1 375 pc



DO NEW AIRCRAFT NEED NEW TECHNOLOGIES AND CERTIFICATION RULES?

by
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and
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Manager Dynamic System

MESSERSCHMITT-BULKOW-BLOHM GMBH.
Helicopter and Military Aircraft Group
Postbox 80 11 40
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SUMMARY

With the example of the development steps, on a transmission usuable for a 2 ton dual engined multipurpose
helicopter it could be demonstrated that new technologies improved drastically this product within approxi-
mately 15 years. From this result and from a preview on technologies in the future it could be shown, that
transmissions will be further improved. The features which will be improved will change from weight reduction
and life time increase to lower life cycle costs and higher safety. New technologies which will mainly
influence the design are:

New or improved manufacturing processes

° Use of computer calculation methods

Use of testing procedure knowledge

Use of new diagnosis systems

and to a smaller amount
. new materials.

New designs will use new technologies, but will also change the overall layout for example the available
engine power. To avoid unnecessary disadvantages the certification rules should be updated.
From todays experience the area: dual engine with high power reserves, procedure for on condition esta-
blishing and certification testing should be improved. The optimum benefit will be achieved, when the
certification rules could be standardized for all countries in the Western World,
It can be concluded, that new aircraft need new technologies and modified existing- or new certification
rules.

INTRODUCTION

In the past 25 years the progress in aircraft development was very intensive. This fact is not only due
to the advance in experience, but also because new technologies could be used step by step. If we consider
the drive system of helicopters only, it can be proven that this component -vas major responsible for the
general advantaqes.
If we look into the future and consider the enormous efforts in usinq new technoloqies all over the industry
we can see a good potential that this trend will continue.
The existing certification rules, which have rising influence on the use -if new technologies, were esta-
blished in a time, when helicopters where mainly driven by reciprocating engines. With the experience
of already certified helicopters these rules were continuously amended. 'his is One cause for relatively
general rules. The load spectrum for example, which is important for the design and testing of the drive
system, practiculary for the transmission, are specified in order to be flid for all helicopters.
The consequence is, that in practicein most cases,drive systems will be either over- or undersized.
These discrepancies are well known to the certification authorities and they try to over come this by
updating their regulations.
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DISCUSSION

Comment: D.G.Astridge, UK
(1) The claim that motion of the localised contact region in conformal gears is a powerful source of noise generation is

not borne out in our experience. Cabin noise measurements made in the Lynx hlicopter show that the uprated or
power-sharing version of the main gearbox is up to 9 dB quieter than the original design, whilst the conformal
pinion support arrangements differ significantly in the two designs, and therefore any 'load-shuttling' influence
might be expected, in fact, most of the difference is accounted for by tooth loading intensity, and follows th,. same
relationship as involute teeth.

(2) In kking for a means of measuring TE at high frequency, a third alternative could be considered -t mat of short
wave length FM telemetry. We have had very good experience of such torquemeters produced by E-L in the
harsh operating environments of testings and helicopter main rotor gearboxes and tail rotor drive shafts. To date
only mean torque has been extracted from these devices, but they have a very wide-frequency bandwidth and
should be capable of extracting the high frequency T-E characteristics from this rugged and well proven hardware.

Comment: R.J.Willis, US
Hull distortion may be due to heavy sea states with the hull driving the gearbox when the thrust bearing is located near
the propeller at the aft end of the ship. A different distortion mode occurs when the gearbox is charged to contain the
thrust bearing and a cantilever type loading exists between the centre line of the propeller shaft (or hull gear) and the
gearbox foundation.
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Fig. 4: Excitation with tooth damage. I revolution of 20 tooth gear.

giving accelerations of the order of 1 g. the vibration level at the hearing is likely to be only about
0.1% of this and to be lost in background noise. [There is an additional bonus in that background noise
from the remainder of the system is likely to be lower on the gears than on the casing.) As yet this

postulate has not been proven and it is, of course, very much more difficult practically to extract informa-
tion from a rotating shaft than from a gearcase.

HICH FREQUENCY TE MEASUREMENT

The practical frequency limit for gratings, as mentioned previously, is of the order of 1 k1z even
when great care is taken with design. This limitation, combined with the necessity to have a free end on
a gear shaft to avoid the 300 He limitation of a belt drive, has resulted in many attempt. to devise
systems which will extend the frequency range and work on a shaft to measure torsional vibration and

hence TE.

Two types of system appear to have a chance of succeeding; they are:

(I) Magnetic track systems. These lay down a regular wave on either a magnetic film which is
part of the gear or upon a separate magnetic tape which iS then stuck on the gear. A tape
head near the track should give a steady sine wave if the gear velocity is constant.

(ii) Accelerometer systems. These use two matched accelerometers mounted tangentially to measure
torsional acceleration of a shaft or gear. Slip rings or telemetry are required to transmit

the signal from the rotating shaft.

Although either system appears straightforward there are very great difficulties in practice and
a satisfactory result has not yet been obtained but research is proneeding on this topic so that technlques

should be available for the next generation of aircraft gearboxes.

It uhould however be observed that both systems are capable of giving false information since even
if a system succeeds in neasuring torsional vibration correctly, this is of little help if the system is

acoenmodating Tf principally by lateral vibration.

SAt the high frequencies of interest in condition monitoring, a gear pinion or wheel can no longer he
considered as a rigid body. Under these ciroumstances, local deflections will be measured and there is a

Iifterencc in than the nanretic track approach reas the local track movement at a fixed point in space
whereas the accelerometers vary in position.

Measurestnt of Tt is a very powerful weapuon it any icarbon deoelopnent her noise is of importance
and can yi.ld useful informatIon on evenness of tooth Ioadino ant hcnce alimncent Iccuracies and otrecoth.

The usc of TE or torsional oibrationnrasutcmcnt for condition nonitorina can he argued theoretically
Sir has not been proen practically and presents difficulti s.

The fregency and access limitations of enisting orating systems restrict their use to helivopter
gearboxes but the TE approach will extend to hI h-r speeds f 1"e turboprop dcc]o amen t eventu"ally.

I Munro, 5 G, A erview of the single flank method of testing gears. Annals of the CIRP. Vol. 28/1179,

I P. 325-329
2 caly, K J and Smith, . I), Meanurenen t with rotary gratings, JMfS, 22, (b). 15SO, pp 115-318
3 Smith, J D, Gears and their Vibration, Marcel l'kker/Macmillan, New vnrk'losdon, lg3, Chs. 4 1 10
4 I(ay, 5 2 and Smith, j 1, Using gratings in diveline noIse problems, Conference on noise and

vibrations of engines and transmissions, Inst. Mech. Eng. Aut. Div., Cranfield, 1979 (10), pp 15-20
5 Stewart, R M, Application of signal processing techniques to machinery health monitoring, Applications

in time serins analysis. ISVP, Ufniversity of Southampton, April 198, 16.1-16.23
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length of line of contact between the teeth and by obtain-

ing an even distribution of load along that line. The

norcal tent for consistency and length of contact line is
the bedding check but this is only reliable to about
5micron and is usually carried out at light load only. 147 .'t\ r" 'A - -

It is possible to have a gear drive which has good . - .
bedding and so a good low speed stress distribution but

has a poor TB. Convernely it is possible to have a good

TE with very high local stresses and a poor bedding

pattern; this can occur with a helical mate which has good 122
profil e atch but poor helixmatch.

Highly loaded gears in aircraft have, unlike
marine gears, a facewidth of slightly over a single a4ial

pitch with a relatively low helix angle. Suh a drive, ]

when in goo alignment, will have an extremely low teac98

mission error due to the averaging effects of the helix
but the observed once per tooth error will increase as the Out

gears are misaligned. Figure 3 shows an exaggerated case Torque-- --. -
of this occuring in an automotive gearbox; at about one Nm)
third of full load the alignment was good and excitation
sall but at higher or lower loads there were large

ivoeaa in the once-per-toot eucino coponent. 7

There is correspondingly a link between the cagnitude of A

the observed dynamic TE or vibration and the consistency NL

of load intensity across the width of the gear. As the " ' - :
load coves towards either end of the teeth the TE will

-n-rease provided that the gear was originally designed
w ell. V

There is a paradox in testing helical meshes in .
this way b ecase a badly designed gear w ill not show this - -

effect but a gear designed for even loading acro' the

f.ceuidth will show it* if a gear has been cro, d
because of poor gearcase design or assembly uncertainties 37 I] LL
then TB will be very high, giving high vibration levels,

and will not vary significantly with alignment. An even

loading will give much lower vibration excitation which
will vary with misalignment. Crowning, though used widely,

c.rries penalties for both noise and increase of gearbox

sieand weight. 24

The method of testing in the case of a helical Outpu
.esh is to establish the level of TE under full load and Torque

optimumt aligneent; this can be done by testing a 'good' (Nm) I
gearbox or varying alignment in a test rig and should give

a dynamic TE of well below 5 microns peak to peak. Once 12

the target figure has been set, checking production gear
drives is then very rapid and those which fail can be --

diverted for realignment.

Problems arise as in testing for noise purposes if
operating speeds are high or if epicyclic load sharing

systees allow movenent.0

CONDITION MONITORING

Input
Condition monitoring techniques 

for gear failure

attempt to detect the initial stages of either progressive
pitting or of cracking of teeth, In both cases the
expectation is that the TE which is generating the 'normal' Fig. 3: variation of TE with load torque
vibration will have an additional impulse imposed at the

position corresponding to the faulty tooth. The resulting excitation may hve the form sketched in Fig. 4
where there are pitch errors, a regular once-per-tooth and an additional hilh peak.

Tt-; standard procedure in to mount an accelerometer on a bearing housing and to analyse the vibration
at this point. However vibration at the bearing housing has already been filtered mechanically in travelling
from thethe source of vibration, through the resonant syst, of gear inertias which are
mounted on elastic shafts and bearings. These resonances are rarely above 1 i~o and so tend to filter out
the high frequency components which are most likely to give information on small defects. In contrast the
cost effective monitoring techniques for rolling bearings use vibrations of the order of 20 kHz [51.

There is thu an argument to suggest that damage to gear teeth will be detected earlier or more

effectively if vibration measurements are made on the gears near the source rather than on the gearcase.
If we take a particular typical case and assume a tooth frequency of I kiz and a pinion mass of 10 kg

on a combined lateral restraint stiffness of 2 108 N/m the important ratural frequency (ignoring all
other effects) vi1i be of the order of 700 He. In more complex cases a full analysis can be used 131

but is rarely needed.

Damage to a single tooth, as in Fig. 4, is likely to be easiest detected at high frequencies of
the order of 15 kHz and although the displacements involved at the to(th may be of the order of 0.001 micron,



Accuracy is high, effectively of the order of 0.2 seconds of arc at once per tooth frequencies

-,-r-espotlinu to 0.-5 micron at a radius of 0.25 m and is more than adequate for all but large marine gears.
pe l limi tations arise principally due to limitations of the electronics but these ca., be overcome
relatively casily. Frequency limitations on the system arise principally from torsional oscillation of the
gratisq or its shaft and flexible drive system and restrict the use of gratings to frequencies of the order

f bOO 14Z [2). This assumes that there is a free shaft end from which the grating head may be driven on

both input an,] output gear.

Ieally TE should be measured at low speed to eliminate dynamic resonance effects, with the gears
in position in their casing and with full torque on the system so that all gear and box deflections are

representit iye.

ire the gears are in position, measurement is rapid and all the information required is obtained

in a minute ; to, unlike conventional testing which takes a long time and uses skilled labour. Figure 2

uhows a typical trace obtained.

fIqi 2: I'E trace Full calc in i minutes of arc error, or 45 microns at 50 is radius.

pi fth i.e. tooth.

, ,li isi t Frir tst ii iso vs st direr use when noise and vibration are under investigation
wlt Isi v-I-"',-tc ear ,ri- c it Is the vibratin part of the TF which is the major vibration

.1, - te.i ti-i-,ti f wipr.-- vibra -+n -,s - p' ouinqly. This does not apply for Wildhaber-Novikov
-enwo '.re is , a~ i'ovo Ipow ful Poise generftipo at once-per-tooth frequency and harmonics

i .', tr....i.. evv', -t r -eiti ,, if pressure in the mesh [3. This gives the effect of

[i as -s-it iii,-i t-I ., thi -1 ar ia-I thtere is no effective way of compensating for this vibration

t.,l i-, ... r ftisl i ,. -r a- , -lti, aIo ver/ noisy and development of quieter drives can only

., . y r , k,*,,,.-.i.. ov..et --- al torque splitting dr, e systems and bevel drives usually
-ici, , ,.it "r" u- 00 , th it is possible to circulate power through a back-to-back test rig

I- Inr er .f InaI- , speels. This will give information on the mesh smoothness
Iar,' --- l 1v--irb- [-]. The tooth frequencies involved are within the range of

1,-- i F i--i l, 1 1- t- ,.t -- f t- fu I Ipe-d. In operation, loads vary very little so that
; - ,.,c -..... I r I i i t ,ins of either speed or torque.

Il o-s-,r is i plith, helix, profile, case accuracy and system distortion
-, - - ,i, . nd resIlt Is very inaccurxte. Each of the 5

Sis " i- "'t i,. o 1,-t mi, tn t - - I ir-lt ulesult at on,- per tioth of li-sn than 5 microns.

A -- i-ci i vtspr- Ip, - - r,,,r it te final drive unit is a conventional epicyclic

, i. Iu , o v-' t im.-d -itt-i the -e.irli bu t itis nvt uaually possible to get
c.o , F., 1itti,' it-v r1-, vho, oi -r--tating sh, ts Fined to the plan,,t carnier. Measurement of

fi tI - -, i , -,, . 11I ,t 1,t, Frie in a wh,,l is not very informative as -he offects of several
I i -' F i erI i ,,hox isuilly -satnid to -listor dynanically to give even load distribution.

?ill-, p ri-li-- . tntrcses ie t hilghr speeds with tooth frequencies which are normally
i I.ce F tho s, it I

, 
.,t i blo Io - i t iri at full speed. on a test r g it is possible to run the

:1, - f1 itrque ard lw enough vpoods t-i fall within the range of oral ngs hut there are problems.
It i1 i-il t tv 'Fuplvane the rgitn restn I systms or the external loads imposed by a propellor and

ot, I uttave' may scuff if run at high Foals an, low speils. As in the case of helicopter gearboxes,

-tl " c.'Iti' Irves prxsetI problems doe to rotation, lack of access and paralle, paths. Any test rig must
_lso ti desiQtned so that the return power path is torsionally much nore fl'xible than the test gearbe. to

aes re t van a measurin g system is reeording gearbox 'T and not the t of the return path.

in spire the rathei launring problems and limitations of Tt measurements there is little doubt that
my cost be med more in the future as only measurnment of TE will give an scurte and fundamental chchk

-the aiue of the gear noise.

,-,F.AP 4 I*PFNGTH

Ot first night there is no valid reason for using TE measurement for checking ir improving the
"-quo c apacity of a gear drive since it gives solely information on the smoothness of the drive. In

tialeltieni dynaic effects, maximum torque from a given design is achieved by obtaining maximum
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TRANSMISSI(IN ERROR MEAOUREMENTS IN GEARBOX DEVELOPMENT

J D Smith
'niversity of Cambridge, Department of Tngineering, Cambridge CB2 IPZ

RThere is a requirement to test gears for initial development, for production monitoring and for con-
dition monitoring in service. Traditionally the first two have been carried out by a combination of
profile, helix. pitch and bedding checks and the third by measuring vibration at bearing housings.

Gear drives in aircraft applications present difficulties in checking due to high distortions in the
light weight gear cases. The use of transmission error (single flank) checking can give useful information
on accuracy of alignment in gearboxes as well as fundamental noise generation information. Problems arise
with attempts to use grating systems in turboprops but helicopters have tooth frequencies in a suitable range.

INTRODUCTION

There are usually three stages in the production of gearboxes where it is advisable to check the
characteristics of the gears. The first occurs during initial developnent of the prototype gearbox, the
second as a routine check on the production line when it is mainly to control the consistency of manufacture
and the third occurs when the vibration of a gearbox is monitored in flight as a safety check.

Until relatively recently the methods of gear checking were limited to measurements of the geometry
of the individual gears, i.e. the classical measurements of profile, helix and pitch and a bedding check
whose function was to confirm that contact occurred over the greater part of the tooth face. Transmission
error is now used increasingly in all branches of gear work and is an extremely fast method of checking
smoothness of drive; it is defined as the difference between the actual angular position of the output gear

and the position it should have occupied if the drive were perfect and rigid.

Helicopter and turboprop gear drives differ from most industrial gearboxes in that, due to weight
limitations, their gearcases are extremely flexible. This alters the balance of deflections under load so
that whereas in a well designed "normal" gearbox it may be assumed that relative movements of the shaft
centrelines are small compared with tooth deflections, this is not true for airborne gearboxes. Ships
gearboxes may encounter similar problems but this is more likely to be due to hull distortion.

TRANSMISSION ERROR MEASUREMENT

Transmission error measurement (sometimes called single flank checking) is dominated by the use
of circular gratings and is usually carried out at the manufacturing inspection stage. A gear may be
mated with a master gear but for precision work, due to the effects of tolerance combinations, it is
usual to test a gear with its mating gear.

An accurate grating with typically a line every minute of arc, i.e. 21,600 lines per revolution,
is attached to the input gear which is driven at a steady speed of about 3 rpm. The rinusoidal light
variation from the grating with its fixed matching index grating is converted to a string of pulses at
exactly one per minute of arc. This string of pulses is then multiplied and divided electronically by the
gear ratio to give the steady string of pulses that would be expected at the output if the gear drive were
perfect.

Phase comparison of the actual and expected strings of pulses from the output gear grating gives the
variation of phase and hence of the transmission error (1). Figure I is a block diagram of the system.

ri. Multiplier

tooth N 1/ N 2  2

N2f2 Phase T. E.

pulses co prtr sga

Fig. 1: Transmission error test system using ratings
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problem of sharing the total losses between the two boxes. The solution p-esented envolves
a calorimetric procedure with the sprinkling of cooling water and measurements of its
flow rate and temperature rise. Assuming an error of ' 5% on the losses distribution
between the two boxes and for the same referred numerical values Tournier reivindicates
an improvement of four to five times over the accuracy of a single box test and the
author also suggests its use for rear axles efficiency measurements. It is not clear how
the referred value of t 5% was obtained but if the previous statement is confirmed this
was a possible solution for the problem, with the benefit of improved accuracy. Another
efficiency analysis but regarding helicopter transmission, was recently presented by
Mitchell and Coy 151. In this case the similarity with the procedure referred ,n 141
consists of the heat balance on the water running through an oil-water heat exchanger. In
both cases the relevance of claimed results depend heavily on the degree of insolution
actually achieved and accuracy of the referred balance.

4 CONCLUSIONS

Efficiency evaluation of gears has not been in the past a main concern probably because
the values are very high compared with those of other mechanical systems. Rear axle gears
have caught some general interest in this aspect because of recent automotive economy
requirements. Worm gears are clearly at the bottom of the scale as regarding efficiency,
but in this case it is not the economy factor that is of concern but to get a better
knowledge of the actual available output.

From the brief expo~ition presented it is possible to conclude that some attention is
needed in this field and the author would wellcome suggestions and experience contributions
on this subject.

REFERENCES

I'- Zak, P.S., Bogin Ya.I. and Goller,
D.E. - "Fluid Friction in a Double-Enveloping Worm Drive" - Translation of HOBOE
OCMA 3EE BMAW NHAX by ASME, Volume 18, 1964

.2:- Henriot - Traite Theorique et Practique des Engrenages, Chap VII, Paris, 1968

3 - Merrit, 1.E., "Gear Engineering"

4- Tournier, M - "Test Arrangement to Measure Accurately the Mechanical Losses of Gear-
boxes" - "Performance and Testing of Gear Oils and Transmission Fluids", IP
Symposium, October 1980

5 - Mitchell, A. M. and Coy, I.1. - "Lubricant Effects on Efficiency of a Helicopter
Transmission", Agard-CP-323, August 1982
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EVALUATION OF EFFICIENCY OF WORM GEARS
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SUMMARY

Worm gears are often used in industry or domestic application (lifts) wher a high
transmission is required in a limited space, which prevents the option for multiple gear

trains. Negative aspects of these gears are the complex geometry and high values of
sliding during contact leading to low values of efficiency. For the other types of gear,
spur, bevel and conical ones values are usually higher than 90% but in this case practical
values of 50% may result. It is possible according to the choosen geometry to forecast
the efficiency theoretically. However the lubricant behaviour is generally defined by a
parameter, sometimes designated as lubricant factor, which is very difficult to ascertain
with sufficient accuracy. Considerations regarding the practical determination of this

factor and suggestions for testing are next presented for discussion.

I INTRODUCTION

Geometry of worm gears are somehow complex if compared with other types of gears.
Different types have been studied which mainly look for a better contact between the worm

and the wheel.

Fluid friction has a major influence on the total friction but lack of lubricant or
deformation of the worm axis due to loading or thermal distortion can cause the near

metal to metal contact. The first situation may arise from the different positioning of
the worm and the wheel relative to the sump. In the second case there is a strong
influence of the worm supporting mountings, bearings clearance and allowable worm axial
displacement.

Double-enveloping worm drive is probably one of the most interesting designs as it

provides the better contact between teeth due to the convex surface of the worm spiral
and the concave surface of the enveloping part of the wheel. It could also enligten other

more simple situations. Data for geometric parameters regarding this design is presented

in Ref. 1.

2 RELEVANT PREVIOUS RESULTS

The exnressions for worm gears have been long established and discussed by, among others,

Henriot 121.

An interesting early investigation on efficiency of worm drives was conducted by Zak and
al [I:, with experiments runned using a VN II PU glemash machine. In his conclusions it

is mentioned that error in torque measurements at the worm shaft affects the accuracy of
efficiency determination by a factor i times larger than an equal error at the wheel
shaft with i being the transmission ratio. Because efficiency changes with the input
choosen worm or the wheel, and the usual applications require the input at the worm, this
is the bench arrangement for full use of the results. Zak mentions some precautions taken
when recording the torques at worm shaft and the wheel shaft, which enable him an accuray
of efficiency determination of 0,45 per cent. He also compares the values of friction
coefficient with those given by Merrit 3!. Merrit states that there is no coefficient of

friction in the dry friction sense and that the term is used by him as the total viscous
drag to the applied load. Whilst this work was published in 1971 there was already enough
work on e.h.l. to enable him to say that this coefficient of friction should depend on

pressure/temperature/viscosity of the lubricant. The coefficient of friction is influence
by the surface roughness and to some extent by the combination of materials for reasons
not yet clear (sic). Today there is a better knowledge on the influence of these

parameters. The rugosity parameter X, is now established as a design variable to translate

the effect of the rugosity.

A mean value of the coefficient of friction may be obtained from a mixed experimental
theoretical approach from the tooth efficiency loss which is assumed to be determined in
tests and geometry. This reverts us to the main necessity of binch testings.

l GEAR BENCH TE STIN(,

Measoring efficiency with worm gears has an inherent difficulty which results from the
-act already referred that this variable assumes different values when the input element
, arAs. In industry the input is usually made through the worm connected to an electric

mot r that its high speed can be reduced to a more convenient value for mechanical
appl c- tions. For industrial purposes and limited financial resources the most economical

dvnamim-ters available are of the water type. However it is necessary to go to highly
oversized models so that sufficient braking torque is obtained at low speeds at which the
wheel revs. The most evident solution is to ose an extra train to multiply the output

rotation speed but this obviously requires the previous knowledte of the efficiency of
this group. A similar situation has been mentioned by Tourni r 4' where two automative

gear hoses have been coupled to achieve in this case a more accurate efficiency
measurement. He bases his calculations on the assumption of a possible precision of

'1,11 on speed measurements and : 1% precision on torque evaluation. For a 95% efficiency

value he concludes that with a single gearbox losses are determined with an accuracy of

+ 43%. A double gearbox arrangement provides much better rcsults but brings out the



31-13

DISCUSSION

P. de Castro, Po
I would be grateful to have the author's view of the possible application of fracture mechanics to this sort of problem
(micro pitting).

Author's Reply
I think it would be difficult to consider applying fracture mechanics to micro pitting, since the nature of the applied
forces are not known. The problem starts at asperity tips, so normal forces must be involved. But crack orientation is
affected by the sliding direction. so traction forces are also involved. The contact zone is also subject to EHL pressures
making the material properties even more uncertain. Work is being done to try to explain the mechanism of the
phenomenon but not a lot has been published yet.

A.Watteeuw, Be
(1) Can "shot peening" be the original (cause) of initial "micro pitting"?

(2) Gear flanks resist this better, yes or no. against pitting (micro pitting) when they are "shot peened'?

(3) Is the case depth important with regard to micro pitting?

Author's Reply
Shot peening can make gear tooth flanks more susceptahle to micro pitting. The cusps between the individual
indentations are the areas where the damage initiates.

Whilst we have not seen any evidence that shot peening of flanks modifics the propagation of the micro pitting damage.
there has been some evidence that it could affect the pitting limit of low er hardness machined gears.

[he case depth is unlikely to affect the initiation of micro pitting. When the damage is propagating, the state of stress
both within the case and at the case 'pore interface can influence the way in which the subsequent damage progresses.
Any st;faec decarburisation of the case is likely to he .cry important as this interacts directly with the asperity contact
%tresses.
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There are some forms of damage which can be confused with oil film breakdown,
in that they may affect both contacting surfaces (i). Sometimes low hardness

materials may get into an application where the loading is too high although
only for short periods. This can cause plastic deformation of the surfaces
with a rippling developing in consequence. The material may often be
workhardened considerably on the surface but the core material will still be
soft. Typically the tips of the teeth will often show a burred edge where the
plastically deformed metal has been carried over the edge. Transport of metal
can also occur due to the rolling of hard particles between the teeth. Grains
of sand may break down and cause abrasive wear, but in some slow speed cases
they produce local plasticity which combined with the gear sliding motion can
lead to a net displacement of metal over the contacting flanks. This can even
happen with soft materials contaminating the lubricant. Cellulose fibres in
oil can locally deform steel surfaces and again lead to plastic displacement of

the surface layers.

The operational conditions may be significant when assessing a particular
problem. Have there been any abnormal overloads (k)? When in the units life
did the failure become apparent (m)? Early failures are often associated with
a lack of running-in or fundamental inadequacies in design. But if the damage
has happened well into the units life it may have been triggered off by some
other form of failure. Scuffing can originate from the edge of pitting damage
or even from micropitting (1). Units that have stood unused for long periods
can be particularly susceptible to damage If the tooth surfaces are not well
oiled before they are asked to carry load (n). The presence of water in the
oil may also be a cause for breakdown occurring. Water unlike oil does not
have a high pressure coefficient of visccsity and is unable to provide an
adequate elastohydrodynamic lubricating film (q). In cold conditions oil jets
may often not reach the gears where the oil is required and failures may be
provoked by the period of running before an adequate oil flow is established.

This discussion may serve to illustrate why the scuffing load criteria used in
gear design can be found to give such widely scattered results. A consistent
set of results for a constant given gear design in a test rig operating under a
given set of conditions will never explain all the examples of failure found in
actual gear applications.

GFNERAL CONCLUSIONS

I hope this paper has served to illustrate how complex the gear failure
characteristics can be. Engineering text books usually suggest a much simpler
situation and many people have been led astray by making simple assumptions
about particular failure examples. Transmission testing is an expensive
business and it is important to understand what the results really mean If
progress is to he made to improve the load cairrying characteristics of gearing.
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It must be recognised that it is impossible for the whole surface to fail
simultaneously. Sometimes some curious effects are associated with this fact:
part of a facewidth only failed: perhaps only every fifth tooth damaged or
diagonally striped markings. The first might indicate non-uniform load
distribution (b) but this is not necessarily involved since it can be
associated with blocked oil jets (o). If the gear pair has a common factor in
their tooth numbers a failure can occur between two particular teeth and this
will ususally transfer around the gears to each of the possible contacting
teeth. Such damage may he initiated by some foreign object getting into the
mesh and it may be possible to identify the tooth from which the damage
started. Diagonal stripes of damage have been seen on very lightly damaged
teeth where the rolling action appears to carry the generated debris up the
tooth by the displaced oil where it becomes trapped and generates another
welded area.

Sometimes lubricant failure is associated with heating effects (c) though it
may be difficult to decide whether the oil breakdown was caused by the heating
or whether the heating was caused as an after effect of the surface damage.
Where the heat effects are most pronounced may be very significant. Perhaps
only in the centre of the facewidth of high speed gearing is demonstrating the
natural thermal gradient that can exist with such gears (e). When one end of a
facewidth shows the heating effect with an adjacent bearing also showing heat
problems, it is often the thermal conduction from the bearing that has caused
the gear damage rather than the other way round. Heat marking on tooth tips or
on unloaded flanks can be indicative of damage having occurred at an earlier
stage but that subsequent running has polished off the normally contacting
flank areas. Whilst it is usually denied, cases have been known where units
were started up without being filled with oil. The difference in noise caused
the operators to shut down quickly and fill the units again. However, the
damage may have already been done which only became apparent after some
thousands of hours of subsequent operation.

Apart from complete lack of oil, incorrect oils may be responsible (f). Too
low a viscosity Is often a cause, the selection of an oil may be difficult
because of conflicting requirements in the same unit. The viscosity grade
required by a gear pair is related to their pitch line velocity. But in a high
ratio unit, the requirements of the high speed input stage and the low speed
output stage are often very different. How to make the best compromise may
often depend on different factors in different cases. For example a unit that
carries high static torques such as in crane or winch duties would demand
higher viscosity lubricants. If such units ran continuously they might well
suffer from overheating due to the oil churning effects.

Metallurgical effects can influence the tendency towards lubrication breakdown.
The use of similar hardness identical low alloy steels in the through-hardened
state can be particularly susceptable to this type of failure (h). Differences
in hardness between the contacting members can make significant improvements in
the relative sensitivity to such breakdowns.

If it is possible to identify the areas where damage has started by early
detection of metallic debris it is often possible to identify the real cause of
a problem (j). in one case damage was found to start from a slight burr
thrown-up by a dehurring operation after grinding gear teeth. The hard edge
was causing a local breakdown at the tooth end which often spread across the
whole facewidth.



TOOTH CONTACT: LUBRTCATION FATLIRE QUESTIONS C1HART D

al Is every touth similarlv damaged on both pinion and wheel?

b) Does the damage extend across the full facewidth?

c) Has there been evidence of appreciable heating?

d) Is the damage assoc ated with a tip/root contact?

el Are there undamaged areas at the tooth ends?

f) Was the correct oil being used?

g) Can the gears experience torque without motion?

h) Are the contacting members of similar materials?

i) Is it really a lubrication failure?

i) Low hardness effects.

1i) Debris damage.

iii) Wear.

i) Where did the failure start?

k) Have there been operational overloads?

I) Were there any previous failure mechanisms which initiated scuffing
damage?

m) Where in the units life did the damage appear?

n) Had the unit stood for any appreciabe period without reoiling of the
tooth surfaces?

o) Has an oil jet been blo ked?

p) Does the oil get to the teeth before they are asked to transmit
significant torque?

q) Is there evidence of water in the oil?
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The usage of new technologies improved drastically the quality of the transmission as shown in picture 5,
though the overall design could not be changed because the transmission was to be used in the same
aircraft.

If we analyse the numbers with the first production transmission as a baseline, we can see that the first
step from version FS 72 A to FS 72 B improves the specific power rate be 8 (max.continuous power)
respectively 2 (One Engine Inoperative Power).
In the second step where new technology was used the improvements were 23 and 20 -

Beside the specific power increase the TBO could be drastically improved.

CERTIFICATION RULES (FAR-BCAR)

In the western world each countro has its own bureaucracy for aircraft certification, which uses either
the FAR- or the BP'R regulationes for civil an MIL-Specifications for military, aircrafts as the baseline
v.-th small deviationes or amendments as well as uifferent interpretationes of the paragraphs for their
national certification procedure.

That means, that the tests, necessary for certification and their documentation has to be performed twice
or at least in an unnecessa-y extended duration. This situation will hopefully be clarified on the civil
side when the Joint Airworihiness Regulationes (JAR) for helicopters will be established. This is very
important because cooperatiunes for new develospoents will be in the future the rule and not the exception.

Many existing helicopters use 2 engines, but the performance ratings are selected to be optimized for all
engine operation, In this case the layout of the drive system has to be done for the maximum engine power
level.

Modern twin engined helicopters use engines, which have a much higher power rating than necessary for the
normal all engine operation, to allcw to continue the flight in a large operational range by using the
then existing power reserve of the remaining engine.

The existing regulations indeed consider a dual engine configuration, but is not sufficient to handle this
subiect, when high performance surplus for the normal dual engine operation is built in.

The regulations require, that the transmissyon has to be desicied and tested to withstand the max.attainable
torque. This requirPment forces us to build transmissions, with power reserves, which are used only when
one engine will taii and when the helicopter is operating under worst conditions regarding necessary power.
''sing statistics from the past, this case is only 1/3 of all engine failures.
Experience with tain engined helicopters show further, that the actual failure rate is low (approx. I per
ill0l flight hours) depending in the engine used, power level etc. For training, maintenance actions,
-,r assirance checks etc. it il

, 
not necessary and not allowed to use higher power ratings than the take

ginq of the engines. Th .ctual emergency case, where the max. power o the engine has to be used
L,- exceptional , that it can be handled, looking on the transmission layout, similar to static loads.
S r- rs )f fhe transmission are designed to have a safe life considering max. continuous power with' .,,, !'ne Inoperative.

, 'i , I tisil values for gears, the stresses in this case are approx. 25 of the static strength.
"IO is by far sufficient to handle the emergency case.

"' rS SI(, design does not influence the flight safety, but has negative effects on the

'" , , , , , , h f~ n iai,
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Picture 6 showes that the main discrepancy is located between the max. continuous- and take off power
of the transmission design and the intended use of the engine max. continuous, 2 1/2 min, take off or
30 min power from the view of type-testing.
With the existing regulations the test can be performed with loads from the transmission design. In
this case the power loss is 50 '. If the design is performed to meet the engine performance ratings
the transmission is oversized.
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NEW TECHNOLOGY

In a previous chapter it could be demonstrated that the introduction of new technologies in the past
has improved the product transmission quite strongly.
The growth in specific power available shows also the effect of weight reduction possibilities, and
the increase in TBO reduces to some extent the expenditure of the customers, respectively the life
cycle costs (LCC). Beside of this, other features like safety, necessary spece, additional auxiliary
drives etc. could be improved.
Looking in the future the trend will continue.
Special new technologies, which can be used for transmission developments, will be in the area of

Materials

Manufacturing process

Diagnosis systems

Calculation methods

Testing procedures

Materials

New materials, such as Fibre Reinforced Plastics (FRP) which will strongly influence the configuration
and design of all aircraft stractures, will be of minor interest for transmissions.
Taking into account the existing knowledge, only the components housing, suspension system and to some
extend the rotormast can probably be improved by this materials. But it will take a long time to get
the same level of experience compared to today's standards.
For the other componento like shafts, bearings and gears, which are the high cost and high weight parts,
the now -sed steels and titanium will be used also in future designs. An overall improvment, which will
be measurable cannot be seen at least for the near future.
Ceramics, which hase some properties favoring them as bearing materials, need some further development
steps. The optimum use of such bearings need a different overall design of transmissions, not allowing
the use of metal bearings as back up solutions, which means a very high risk. The further development,
currently done in this area for engines will show, if it is worth to use them.



Manufacturing process

Todays design needsa very high quality standard in the manufacturing processes (close tolerance work ISO 5
to ISO 4; surface roughness = I p). To achieve this in a series production line, a lot of series connected
working and control cycles are necessary. With new automatically self sustaining manufacturing processes a
cost reduction as well as closer tolerances may be possible.
This could improve the design, with respect to lower weight and smaller space.
Now available Mg alloy sand casting processes allow a minimum wall thickness of 5 mm. From the design require-
ments a minimum wall thickness of 2 mm will be sufficient to guarantee stiffness and a safe stress level. If
the technology in casting processes will be improved similar to what was happened in the past, a quite
attractive weight reduction can be achieved.
The application of HIP (Hot Isostatic Pressure) processes for bearings, gears and shafts is for the compnoent
maintransmission of helicopters with tie knowledge of today not possible. Even for auxiliary drive pad- the
attainable quality standard is not sufficient.
Today's designs use titanium and steel for gears, where titanium is building the shaft and wheel body and
steel the gear tooth. Both parts are connected via bolts or screws.
If new welding processes would allow the same level of safety for the connection of those parts, lower weight
designs will be possible. Such welding processes could further enable designs which use gears with compli-
cata shapes, which are not possible to be manufactured in one piece. This would allow designs with improved
features such as weight, bearing distances etc.
The technology standard of bearings is relatively high. Further improvement which can be used in transmission
design could be: integrated ball bearings similar to now used roller bearings, where the inner or outer bearing
ring is an integrated part of the shaft or the gear. Another bearing development, where two or three different
bearings are integrated to a common unit could improve the features of the transmissions.

Oiaanos is systems

The powerful developments in electronics in the past have also influenced industry to develop components,
which are usable for a condition monitoring and diagnoses system, in transmissions.
The last step to begin with the most difficult in this field, would be a systemn, which can show the condition,
necessary maintenance actions, the rest of life time etc. at any time. This may be possible and payable in
the far future, when the development in electronic and on other components like sensores will continue with
the same speed.
In the near future the advance will take place only in small steps, because all new possibilities like vibra-
tion analysis, oil analysis, particle detection, boroscop informations etc. have to be tested very intensively
before they can be used.

Calculation methods

Finite Element programs and other calculation software are used today similar to a slide rule 25 years ago.
With these tools it is possible to check all deformations which resultA from inner and outer forces and to
optimize the positions of gears, bearings and attachment points. This will reduce development-time and -costs
and will provide a safer design.

Testing procedures

Since certification rules have been established valid for helicopter drive systems, the knowledge in testing
and the safety in the interpretation of the results have been consideramly improved. This will continue,
because the development of the necessary software (application of computer systems) as well as of the hardware
(sensors) will continue at least with the same speed.
To use the rew information for the product transmission it is necessary to think about changes in the certifi-
cation rules. The necessary tests are strongly reconmiended due to load spectrum and duration.

A consideration of the actual load spectrum cannot be incorporated in a simple way in the tests.
Further the certification rules require

ground tests
flight tests
overload tests.

Additional tests, for example in a test rig, which are necessary to assure the desiqn in an early stage,
cannot be used always for certification purpose. Though enough test information is available from such
tests, additional tests, which do not give more information have to be performed. Also here a change in
certification requirements could improve the situation.

_ m m m m m mmmmmmlw a m m
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TBO OR ON CONDITION OPERATION

With the certification of an Helicopter the manufacturer has to establish a list in which all parts
responsible for flight safety are listed with data about their life time and about necessary mainte-
nance actions. These instruction have an important influence on the operating costs of the helicopter.
The manufacturer has therefore a strong interest to establish numbers which allows low cost
procedures, This is contrary to the overall requirements within the certification rules. The procedure
of today, to establish this data, is that in the beginning of the helicopter operation the transmissions
have to be overhauled with fixed TBO's (Time Between Overhaul) and in addition to that with MTBR
(Mean Time Between Removals) for life tie restricted-parts. To fix these TBO's and MTBR's the
followTng steps are-necessary

1. Fatigue test (with components and the total system)

2. Flight load results

3. Life time calculations.

The calculations with this information has to be performed very conservatively to stay within the limits
for the worst case. Therefore the TBO development has to be started at a very low level and will be
increased step by step after the availability of overhaul results up to the forecasted time. This is
a very long procedure.

To shorten this establishing procedure and to cover all unknown load spectras the design of the drive
system has to be done very conservatively. The result is that automatically the drive system weight and
the operational costs for costumers which do not always operate on the limits are too high with no
benefit due to flight safety.

To overcome this for existing designs and new designs in the future the TBO-idea will be dropped step
by step and will be replaced by an "on condition system". The wording "on condition" means, that
maintenance and overhauls or replacements have to be performed pending on the existing condition with its
specific accumulated load spectrum in service. That requires, that the flight loads and the other
conditiones of a drive system in service have to be recorded continuously.

For achieving this goal each helicopter manufacturer has its own philosophy. It shall not be discussed
in this paper which philosophy or which technics is the optimum.

If an on condition concept will be created instead of a TBO from the beginning, more component testing
is necessary. This additional testing could be compensated to a certain extent if the authorities would
decrease their different requirements for the basic certification.

A proper working on condition system is the basis for reducing scheduled maintenance and overhauls as
well as a too early part change and allows the optimized use of helicopters under different operational
requirements, with an increased - or at least equal level of safety. But it requires a complete change
in thinking from the manufacturer, the authorities and maintenance personal with new maintenance -
and documentation technics.

N
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ESTABLISHMENT AND MAINTENANCE OF CERTIFICATION STANDARDS
FOR HELICOPTER AND TURBOPROP POWER TRANSMISSION SYSTEMS

by
Harold W. Ferris

Manager, Propulsion Branch, ACE-140C
FAA DOT

Chicago Aircraft Certification Office
2300 East Devon Avenue

Des Plaines, Illinois 60018
USA

SUMMARY

This paper discusses how the Federal Aviation Administration (FAA) develops qualification/
certification safety standards for helicopter and engine turboprop drive systems. The rules are always
geaerated in coordination with industry for a minimum of economic impact, and are worded to promote
design innovation while maintaining adequate safety. The rules are periodically updated to account for
service experience and advancements in the state-of-the-art.

A survey of the applicable Federal Aviation Regulations IFAR's) explains how all safety aspects of a
new drive system are covered during the initial certification program. The FAR's also provide for
continued airworthiness, as service experience is accumulated, such that inspection intervals may be
increased to "on condition," or decreased, if service difficulties indicate that an area of redesign is
required. As further testing continues, initial limitations on component replacement times are relaxed
until operating costs decrease to a minimum as the design reaches maturity. The FAA role is to assist
industry in the promotion of aviation without compromising safety.

Finally, a reference to the author's 1969 and 1979 papers on the subject of improving reliability and
safety of drive systems is discussed with an update of additional concerns to the 1984 time frame. Some
recent problems are listed.

PREFACE

The helicopter and turboprop drive system technology and arrangements are changing for higher
power/weight ratios, reliability, operating cost, and new conceptual configurations like the tilt rotor
XV-15. The FAA's rules and organization for the certification process and continued airworthiness
activities are also changing. A new Helicopter and Engine Directorate organization is developing new
rules and advisory material. The public is demanding a higher level of safety as helicopters are being
deployed more and more for carrying people. The number of turboprop commuter operations is expanding at
a high rate after deregulation of the airlines and higher fuel costs forced the pure jet aircraft to
longer routes. Product ],ability litigation is causing great concern in the U.S. Congress as well as
with manufacturers and operators.

The role of the FAA is to promote aviation while maintaining an adequate level of safety. Improved
interface and better understanding is deeded between the certifying agencies and the aviation community
as we face an uncertain economic future.

This much needed paper, by an author with both industry and FAA certification experience, attempts to
bridge the gap between the technical disciplines of the drive system designers and the certification
engineers. We must understand each other's roles and missions and work together as a team to solve the
problems before us.

THE WHY, WHAT, AND HOW OF CERTIFICATION STANDARDS

1. WHY RULES AND GUIDANCE

The qualification and certification procedures are in place to assure minimum safety standards for
the intended use of the aircraft. They must be acceptable to the public and yet must also be
economically attainable to assure healthy growth of the industry. No one applicant should be placed at a
disadvantage with any others worldwide, hence the need for standardization of rules and interpretation.

The Federal Aviation Regulations (FAR's) are the U.S. equivalent of the Eropean rules, such as the
British Civil Airworthiness Requirements (BCAR's). Although the specific rules of the various countries
which participate in the bilateral agreements are somewhat different in text and philosophy, they ensure
equivalent levels of safety. Aircraft once certified via the bilateral agreements of any participating
country, can be exported to other countries and receive an airworthiness certificate for operation by that
country's certificatLion agency. fherefore, Lhe Free world has deeloped ru's that are simi!ar in scpe
and standardized for all their aircraft, propeller, and engine manufacturers.

The U.S. now has 12 geographically located aircraft certification offites (ACO's), including the
European office in Brussels, and to ensure standardization of policy with uniform application of the
Rules, 4 Directorates, each responsible for transport category airplanes, small airplanes, helicopters,
or engine/propellers. Since 1982, all significant helicopter and engine certification programs are
controlled through the ACO's by the Helicopter Directorate in Fort Worth, Texas and the Engine
Directorate in Boston, Massachusetts. Sufficient staffs have been assemoled in the directorates to
assure technical and policy expertise needed to provide for rule changes and guidance material. Each
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directorate is currently programmed to provide Advisory Circulars (AC's) that outline acceptable methods
of compliance with all the certification FAPi's. The engine rules (FAR 33) were recently updated by
Amendment 10 to FAR 33, and the Helicopter Regulatory Review is a major activity reaching a conclusion at
the Helicopter tirectorate. Additionally, each major certification program has a directorate project
officer to provide necessary policy to the ACO project engineers and to assist the U.S. and foreign ACO's
when requested. The new FAA certification system is working well and is expected to be a great
improvement over the previous understaffed Washington Headquarters organization with its now obsolete
orders and directives system.

Since the FAR's do not normally specify Cow to design a drive system nor show compliance, guidance
material is needed by both large and small companies with and without staffs of certification enyineers.
The large companies with certification experience and know-how must deal with new rules and policy for
state-of-the-art developments. The small companies and modifiers with limited engineering staffs often
need assistance and guidance from FAA specialists to complete a -atisfactory certification program.
Therefore, extensive AC's which are nonregulatory are being developed through public conferences so that
inputs are received from all elements of the aviation community, both U.S. and overseas.

2. WHAT ARE THE DRIVE SYSTEM RULES

The FAA certification rules (FAR's) and Advisory Circular policy are contained in the documents shown
in Fig. I. Compliance with the pertinent FAR's is required by law prior to the issuance of a type and
airworthiness certificate for an aircraft. The aircraft must be flown and maintained according to the
operating FAR's which are not a subject of this paper.
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FIG. I THE tERTIFICATION FAR'S

A major certification proorim is conducted with close coordination between tre applicant and the ACO
project engineers through frequent contacts and the more formal Type Board Meetinqs. The purpose is to
assure acceptable means of compliance for all the pertinent FAR's. A checklist o, certification program
plan is coordinated, early in the program, to properly address all requirements to assure a cost
effective program. Considerations for a transport helicopter drive system certification plan follow
(similar requirements exist in FAR 27).

trrtiral Analvsin

FAR's 29.571, 29.g23(m), and 29.907 Fatigue Evaluation
FAR's 29.301, 29.303, 29.305, 29.307, 29.309, and 29.361 Static Strength
FAR 29.901(b)(2) Assure Safe Operation Between Inspection Periods
FAR 29.927 Overtorque, Overspeed and other special tests

Compliance to the above rules requires tests and analysis. A stress report showing adequate static
margins and safe f.lique life of all critical components is required. Such 'omponents as gears,
driveshafts, gearshafts, bearings, flexible couplinqs, housings, and pylon support structure must be
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included in the stress report. American Gear Manufacturers Association (AGMA) and Anti Friction Bearing
Manufacturers Association (AFBMA) standards are acceptable for gear and bearing analysis. Fatigue
Analysis Guidance is contained in Order 8110.9, January 1975, and AC 20-95, May 1976. Most applicants
eventually develop their own fatigue methodology and obtain FAA approval. In all cases, the .ssumed loads
and mission spectrums must be supported by flight strain surveys and a rational analysis of the assumed
maneuver spectrum. The FAA is currently evaluating damage tolerance concepts but, so far, safe life has
been the predominant philosophy for drive system components. Of course, all critical components must be
analyzed to show a positive margin for design limit static loads. Some, such as castings, are specified
in the rules (FAR 29.6211.

A simplified and conservative common approach to the fatigue analysis is the Goodman Diagram as
shown in Fig. 2. For analysis only, B = 1/3 A. A new drive system should be conservatively designed for
future engine growth with few components showing a limited life.

A Endurance Limit (Basic Fatigue Strength of Material
and Surface Condition from Recognized Source,
Such As MIL-Handbook-5 or Corporate Data Bank)

Failure Boundary

Stress Unlimited Life Boundary With Approved
Safety Margins

Measured Stress Showing a Limited Life

* IYield Point

teady Stress
Flight Strain Survey Measured Stresses Showing Unlimited Life

FIG. 2 GOODMAN DIAGRAM

Subpart D - Design and Construction

FAR's 29.601, 29.603, 29.605, 29.607, 29.609, 29.611, 29.613, 29.619, 29.621, 29.623, 29.625 Design
Considerations

Although the above FAR's deal primarily with airframe design, they are also applicable to many drive
system components, such as cast housings and their interface with aircraft structure. Of particular
significance for drive shaft couplings is the 29.607 Fastener rule which requires double locking features
for rotating fasteners. Advisory Circular 20-71 provides guidance material on acceptable methods of
compliance.

Subpart E - Powerplant

This is the main section for drive system certification and includes the ground tie-down endurance
tests.

FAR 29.901 Installation - stress reports

FAR 29.907 Engine Vibration - torsional vibration compatibility with the drive system and rotor inertia
- oscillatory stress evaluation of drive system components including engine

FAR 29.917 to 29.939 Rotor Drive System - These rules specifically deal with required testing for
endurance, overspeed, transient torque, One Engine Inoperative (OEI) operation, shaft critical speeds,
torsional stability and engine interface characteristics.

FAR 21.35 requires that the drive system, after the 200-hour endurance test teardown, be reassembled and
used for Function and Reliability (F&R) Flight Tests. This rule is often overlooked which is a good
reason for requiring the compliance checklist.

FAR 29.1163 Accessories - These components are installed on turboprop gearboxes and helicopter
transmissions. The rule requires a method to prevent drive train damage in event of accessory seizure.

Subpart F - Equipment

R's 29.1301(a)&(d), 29.1305, 29.1322, 29.1337 and 29.1461 relate to environmental aspects (cold
weaticr), instruments, markings, warning and caution lights, diagnostics and ECJ/APtj high energy rotors.

Subpart G - Operating Limitations

FAR's 29.1521, 29.1529, 29.1549, 29.1551, and 29.1581 relate to powerplant limitations, instrument
,ark ;n9, dd A ; . Fl ight Manual l;mitaiuis. These ueLtiic; 6Liit vtly iiportant when the drive
train is torque limited instead of the engine, and when OEI transients are tested and found to be higher
than anticipated. The subpart now requires a maintenance manual in 29.1529, Instructions for continued
airworthiness, in accordance with Appendix A, which outlines an Airworthiness Limitations Section
approved by the Administrator. This section includes component mandatory replacement times and
inspection intervals.



35-4

The FAA rules, described above, are complete as to general compliance requirements, and guidance
material is provided describing acceptable, but not the only means, for showing compliance. The FAA does
not provide a design guide nor get involved in dictating design. The U.S. Army, on the o-her hand, does
provide design and test requirement standards as shown in Fig. 3. These very comprehensive documents,
AMCP 706-201, 202, and 203, become part of the helicopter model specification and many chapters are
devoted to drive system technology. The chapters were written for the U.S. Army by authors from industry
who were regarded as experts in their fields. No drive system engineer should be without these safety
oriented manuals. They may be obtained from National Technical Information Service, Dept. of Commerce,
Springfield, Virginia 22151. The U.S. Army procures, qualifies, develops, operates, and maintains more
helicopters than any other entity in the free world. Their mission spectrum, less the battlefield
environment, is often similar to that of our civil fleets.

-__ , _ -. .

ENIERN ENGI4ONEERING DSIG ZNDMDGDSG
HANDBOOK HANDBOOK HNBO

ft CH "al in auim i

FIG. 3 U.S. ARMY STANDARDS

3. HOW ARE THE RULES DEVELOPED AND MAINTAINED

The FAA certification rules (FAR's), when formally issued, are legally enforceable as law, and all
civil aircraft must comply prior to the issuance of a type and airworthiness certificate. These rules
are related to safety of the public and have been developed over the years to enhance safety in a manner
that promotes the growth of civil aviation. They are constantly being updated for clarity and improved
safety as experience dictates. State-of-the-art developments require new or modified regulations.
Amendments are thoroughly coordinated with industry, the public and world certification agencies. This
section describes the complex procedure involved in promulgcing a rule change.

The FAA periodically establishes formal Airworthiness Reviews by establishing a multiyear program
initiated by a call for proposals. In 1979, industry requested a comprehensive reassessment of
rotorcraft certification rules which resulted in the current Rotorcraft Regulatory Review Program and a
call for proposals. Any individual or organization worldwide may submit proposals which are reviewed for
compilation into an agenda for a public conference discussion. Figure .4 shows a typical proposal which
was submitted by the author and compiled in one of the volunes presented at the Rotorcraft Regulatory
Review Conference held in December 1979. The propulsion session FAA team of Messrs. Bud Wells and Hal
Ferris discussed each drive system proposal with interested members of the audience until all comments
were made and recorded. The FAA team later reviewed the notes and recordings to Evaluate each proposal
for a disposition of (1) proceed with no changes, (2) combine, expand, and revise, (3) defer for more
information, or (4) drop for lack of support. The surviving proposals then had to pass a riyurous
economic analysis to prove that the safety benefits outweighed any burden on the industry or public. The
drive system proposals then become a Notice of Proposed Rulemaking (NPRM) inviting comments and are
srreduled for publication in the Federal Register as Notice No. 3. All public comments will be analyzed
and discussed. Proposals may be revised or deleted in acccordance with comments in the preamble of the
Fina

l 
Adopted Rule also published in the Federal Register. This amendment then becomes law and all

applicants for j Type Certificate, after the published date, will be required to comply with the updated
drive system rules.

Regulatory '-.,1eView ,, IlO& Wq~ p96m 'Al'li
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FIG. 4 RULE CHANGE PROPOSALS
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It can be seen that the drive system certification rules are developed through a lengthy process with
detailed coordination for all interested members of the public. Our philosophy is to provide standards
that remain dynamic to changes in technology, yet do not stifle innovation in design, but retain a
minimum level of safety. The system is working judged by the safety records and growth of the industry.

CONTINUED AIRWORTHINESS

The post certification life of the drive system may be a very difficult period, and the safety
inplications must be constantly monitored and addressed whenever a service difficulty is reported. On
the other hand, Lhe original Time Between Overhaul (TBO), a low time estimate based on limited testing,
may be demonstrating all parts to be airworthy at overhaul after early fleet service evaluations. When
the final design has matured, the TBO should eventually be increased in increments to perhaps "on
condition" maintenance.

1. Service Difficultie - FAR 39 provides for a system of Airworthiness Directives (AD's) whenever an
unsafe condition is dis. )vered that may be repeatable for aircraft in service. FAR 21.99 requires a
design change or inspection, if necessary to correct an unsafe condition, and the Type Certificate ITC)
holder must provide a means to notify operators of corrective action, called Service Bulletins, Alert
Notices, etc. An AD usually incorporates the Service Bulletin which, in effect, makes the contents of
the Service Bulletin mandatory, lost service difficulties, however, do not warrant the rulemaking of an
AD. The field maintenance activities may be advised of possible serious problems or trends by Service
Bulletins and the FAA AC No. 43-16, "General Aviation Airworthiness Alerts," published monthly. Its
purpose is to improve reliability and interchange service experience. The National Transportation Safety
Board (NTSB), an independent branch of the government that investigates accidents, as a result of
accident investigations, may recommend action to the Administrator. These recommendations must be
satisfactorily answered by the FAA after its investigation and coordination with the TC holder.
Sometimes accident prevention recomnmendations are received from FAA Flight Standards District Offices
(FSDO's) and must be investigated -y coordinated effort between FAA ACO project engineers and the TC
holder. Accidents may require the drastic action of a Certification Review Team or Special Safety Team
which could lead to grounding of aircraft.

Most of the service difficulties, however, are not so clearly defined. The FAA has established a
computerized service difficulty reporting program whereby everyone in the field is encouraged to report
Malfunction or Defect ( or D) Reports on opecial forms or cards which are mailed to FAA General Aviation
District Offices (GADO's) for distribution through the system. The original cards end up with the
Aircraft Certification Office project engineer assigned to the affected TC holder. These card inputs
become agenda items for periodic service difficulty meetings with the manufacturer. Corrective action is
usually coordinated for type design changes and/or service manual information via service letters or
bulletins. If the difficulty is not an isolated case and further information is needed, up to a
five-year computer run of all cards submitted may be easily obtained. This procedure is used where AD
action may be indicated. Unfortunately, only a small percentage of problems are reported so they are
used to supplement the problems already known by the TC holders Service Department. The exchange of this
type of information is a two-way street, since FAR 21.3 requires the TC holder to inform the FAA within
24 hours certain prescribed failures, malfunctions, and defects. Of course, all accident reports are
cooperatively investigated, and corrective action is developed.

2. Extension of Inspection Periods - A new tT'ansmission and drive system, at the time of the Type
Certificate, will have a minimum of endurance and fatigue testing and no service experience. There-
fore, the initial inspection intervals, and/or TBO's, and published mandatory replacement 'omponent lives
may be low. As the design matures with service experience and additional fatigue test specimens, the TBO
and lives will be increased.

The FAA, TC holder, and high time operators will establish a TBO escalation program where sample
units will be carefully monitored and irclude engineering evaluation of teirdown inspections. These post
service evaluations and a close monitoring of the fleet performance will permit a continuous escalation
of inspection intervals. As more fatigue specimen components are tested, lower reduction factors may
permit an increase in the published replacement lives.

The design goals should provide margin for growth and an adequate diagnostic system to attain "on
condition" maintenance. Fail-safe and damage tolerance concepts will improve safety and reduce cost of
operations. Invariably, the drive system rated powers will increase as the next model engine is
certified. The best method to increase ratings, aside from the rem ired testinc, is to have few life
limited parts and a good record of service experience.

CONCLUSIONS AND SPECIAL CONSIDERATIONS

This paper has described the what, why, and how of the certification process and continued
airworthinecs after the Type Certificate is awarded. In these days of high product liability costs, your
--0rifi - nn -rvr C,- .5c Qr 

t 
frie, . 0 ... r.inn relationship and teamiork durin and after

the certification program will benefit all of us - especially the public.

To supplement the referenced papers of 1969 and )979, the following case histories from the recent
past are listed along with ways to avoid observed problem areas.

1. Lightening holes in gearshaft flanges presented unrecoonized fatnue tress risers which led to
an early fatigue failure and an accident.



2. One Engine Inoperative (OEI) torque transients to 140% were found in flight strain surveys which
caused a reanalysis of the static support structure design limit load 125% margin.

3. Ground-Air-Ground (GAG) load cycles in the mission spectrum were fatigue damaging and may occur
every five minutes in sling load operations.

4. Critical bearings should be consumable electrode vacuum remelt (CEVM), M-50 or equivalent
material of high hot hardness, ABEC quality grade of 5 and should be 100% inspected as aircraft bearings.
An LBIO bearing life calculation is insufficient for the high reliability requirements of
helicopter transmissions or turboprop gearboxes.

5. Chip detector cautionary lights are necessary - one transmission uses five detectors, and a
turboshaft engine uses three with a requirement for cockpit caution lights. The argument on false
warnings is no longer appropriate with latest state-of-the-art chip detectors with fuzz burnoff features.

6. Tie-down loads during the FAR 29.923 endurance tests with full control travels exceeded design
limit loads. Strain gage the output driveshafts and do not exceed design limit loads - reduced control
travels may be adequate. (An AC is currently in work.)

7. With FAA approval, use overload (bench) testing, at high cubic mean average loads, to qualify
alternate oils, design changes, and to supplement the FAR 29.923 minimum endurance test requirement.

8. Address operation in very cold weather and provide operating manual information if preheating is
required because of clearance problems on bearings and gears.

9. Use flow-through oil on hardened free floating splines to avoid wear and fretting and avoid high
stress riser keyways.

10. Provide oil system redundancy in critical oil lubrication areas and use 10 micron or lower
filters with bypass indicators.

He who is ignorant of history is condemned to repeat it. (Santayana)

The views and opinions in this document are those of the author and may not represent the official
position of the FAA.
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DISCUSSION

D.G.Astridge, UK
I welcome the author's opening comment that the FAA is the designer's friend. Certainly I can confir,' that an
extremely helpful relationship exists between our company, FAA, and CAA. The method of working • :h CAA - the
design authority being devolved to the manufacturer, through the Chief Designer, and the CAA maintaining a
monitoring function to ascertain that the design meets their airworthiness requirements - seems a good formula. The
author's illustration of proposal 363 appears to indicate that the FAA is getting involved in detail design activity.
usurping the Chief Designer's task - this is a disturbing trend in that it requires that the FAA be totally aware of all
detail design technology - this is normally generated by the helicopter and engine manufacturers.

Author's Reply
We would not consider a requirement for a health monitoring system for engines and gearboxes any different to the
current lesser important temperature and pressure indicators requirement. The proposal I submitted for chip detectors,
or equivalent, as will be published as an NPRM in the Federal Register soon, will be worked to include, "other means."
such as vibration detectors needed for gearboxes using grease where chip detectors would not be appropriate. The
FAA does not dictate design details and the method used will be at the discretion of the applicant. We should mandate
safety features when the state-of-the-art has been developed and the the system is obviously cost-effective and provides
for an increased level of safety. I know of no helicopters or engines, when the proposal was submitted 63 years ago, that
are not already equipped with chip detectors - most with cockpit indicator lights.

Through the certification process, the FAA does get involved with and understands the detail design process of each
manufacturers's type data approval. We therefore keep up to date with the state-of-the-art for all of industry - not just
one applicant. This process has been very successful in the free world certified aircraft and the safety record continues
to improve.

Comment: E.Covert, US
Comment for clarification of Mr Astridge's remark:
The CAA certification selects the designer and he is responsible for seeing to it that his design satisfies airworthiness.
The FAA on the other hand allows the designer to design to standard but the design must be proved to FAA to meet
standard by test or other means.

J.Worm, Ge
(1) Did you require to leave the chip detector light in the instrument panel, or is it possible to put the light outside of

the cockpit on a panel right on the additional gearbox?

IE)here more than one manufacturer who makes burn-off chip detector systems (Tedeco)?~Author's Reply

It would be our intent to have one caution light on the pilot's enunciator panel with a provision to determine which

sensor (location) is showing evidence of a chip in the oil system. It is now apparent that a record should be kept of those
indications that were burned off or "zapped" by the capacitive discharge - perhaps by a counter of actuations of a
bum-off button. This is because on lightly loaded engine bearings where skidding is likely, the bearing can wear out to
failure with only fine particles being generated. The heavily loaded gearbox bearings and gears will generate larger
particles under the spall mode of failure and these must be investigated by an appropriate maintenance programme.

To my knowledge, the first Tedeco zapper was certified by our office on the S-76 helicopter. Theother chip detector
manufacturers have not developed the necessary burn-off feature to eliminate false alarms.
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